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ON_A GENERAL EXPANSION THEOREM FOR THE TRANSIENT 
OSCILLATIONS OF A CONNECTED SYSTEM. 


By JOHN R. CARSON. 


N the usual solution of the problem of the transient oscillations of a 
connected mechanical or electrical system in response to a suddenly 
impressed set of forces, the determination of the characteristic modes of 
oscillation (periodicities and dampings) is comparatively easy, since it 
involves only the determination of the roots of a polynomial. As regards 
the amplitudes of the transient oscillations the case is different. The 
usual procedure is to designate the amplitude of each mode of oscillation 
of each coédrdinate of the system by an undetermined constant, sub- 
stitute in the equations which describe the system, and then determine 
the unknown constants in accordance with the given initial configuration 
of the sysem. This method of determination, while perfectly straight- 
forward, is extremely laborious, and the difficulty increases rapidly with 
the number of degrees of freedom of the system. When the initial con- 
figuration is arbitrary no other method than that outlined above is known 
to the writer; when, however, a set of forces is impressed on a system at 
rest or in equilibrium configuration the amplitudes of the transient oscil- 
lations admit of much simpler determination by the expansion theorem 
developed in this paper. 

So far as the writer is aware no one, with the exception of Heaviside, 
has attacked the problem of a general formulation of the transient 
oscillation as regards their amplitudes as well as periodicities. Heaviside 
in his Expansion Theorem! gave a very valuable formulation of the 
transient oscillation of an electrical network when the oscillations are 
excited by the sudden application to the system of an electromotive force 
which is not a function of time; that is a steady uniform electromotive 
force. ‘ 


1 See Heaviside, Electromagnetic Theory, Vol. II., p. 127. 
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In the present paper the general solution of the problem considered by 
Heaviside will be developed and an Expansion Theorem derived which 
formulates the resultant (forced and transient oscillations) of a connected 
dynamical system in response to an arbitrary driving force applied to 
any codrdinate of the system. The only limitation imposed on the form 
of the driving force is that it shall be capable of expansion in a Fourier’s 
integral or else expressible as a complex exponential function of time, 
a limitation which constitutes no restriction of practical importance. 
The Expansion Theorem to be derived is thus of broader application 
than Heaviside’s Theorem which constitutes a particular case of the 
general theorem;! furthermore its derivation may be of interest since 
Heaviside states his theorem without proof.” . 
The dynamical system to be considered may be either a mechanical or 
electrical system characterized by a symmetrical system of linear dif- 
ferential equations of the following form :* 


Gi1X1 + Ay2X2 + AigX3 + + + Aint, = Fi, 


Q21X1 + A22X%2 + G23X3 + ++ + GanXn = F,, (1) 


AniX1 + AnoXe + -°> + AnnXn = F,, 


In equations (1) x1, x2, ++ x, are the displacements from equilibrium 
or zero configuration of the m codérdinates X,, Xe, --- X, specifying the 
system while F,, F2, --- F, are impressed forces. The general coefficient 
a; is of the form 


a d 
Ojk = Qik at rikg, + Siks (2) 


where gjx, 7jx and sj, are constants. The g coefficients will be termed 
the inertia factor, the r coefficient the resistance factor and the s coef- 
ficient the stiffness factor. From a mathematical standpoint no limit 
is placed on the order of a;;, in (d/dt); it is only necessary that it be capable 
of expression as a polynomial of the mth order in (d/dt). However in 
cases of practical importance the polynomial a; is of the second order 
in d/dt as indicated by equation (2). 

To simplify the following work it will be assumed that only one driving 

1[In El. Th., p. 131-2, Vol. II., the case of simply periodic forces is treated by the operationa 
method. 

2 Since the above was written Mr. H. W. Nichols has called my attention to the fact that 
Heaviside derives his Expansion Theorem in his Electrical Papers, Vol. II., p. 373. Mr. H. 
W. Malcolm in a series of papers entitled ‘‘ The Theory of the Submarine Telegraph”’ appear- 
ing in the Electrician during 1912 attempts to prove the Heaviside Theorem. The method 


of derivation is, however, quite defective. 
3 See Webster’s Dynamics, 2d edition, pp. 173, 174. 
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force F; is impressed and consequently F2, F3, --- F, are put equal to 
zero. It may be readily shown that this simplification involves no loss 
of generality whatsoever, since the complete solution may be built up at 
once from the formule to be derived. 

The driving force is assumed of the form! 


F, = 3{E.e"* + E,e**} (3) 
= R{E\e'} (4) 


where E and # are constants. In formula (3) the bar denotes the con- 
jugate imaginary of the unbarred symbol, while in formula (4) R indicates 
that the real part of the expression alone is to be retained. For con- 
venience the symbol R will be omitted and it will be understood that the 
real part of the final expression is the solution. 

The forced oscillations of the system are gotten by the well-known 
method? of replacing d/dt by p in (1). If y1, yo, «++ ¥, denote the 





forced components of x1, %2, «++ X,, then: 
Mii.(p) 
= ——= 296 
Vk Ey D(p) ere (5) 
In formula (5), D(p) is the value of the determinant 
~ Qi2 Gig °*** Gin 
|\@e1 G22 23 den 
G31 G32 *** *** gn (6) 
| 
(nt Qn2 Gns °*°* Onn 





when the operator d/dt is replaced by ». M),(p) is the minor of the first 
row and Kth column of D(p). The solution for the forced oscillations 
is of course well known. 

The complementary solution of equation (1) gives the transient oscil- 
lations. If z, denotes the transient component of x;, then 2, is ex- 


pressible as: 
tem 2A oo (7) 


where ~,, is a root of the equation D(p) = o and A,™ is an integration 
constant to be determined by the connections of the system and the 
initial configuration at time t = 0. The summation is extended over the 
roots of D(p) = o. 


1 When the driving force is the arbitrary time function f(t) it can of course be expressed as 
a Fourier Integral or Series, each of whose components is of the form given by (4) when is 
a pure imaginary. The explicit treatment of this case is reserved for a future paper. 

2 Loc. cit. 
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The solution is then: 


Xe = M+ a = Ei D(p) e?§ + DA pe eM, (8) 


In general the conditions to be satisfied by the solution are as follows: 

1. The initial displacement of every codrdinate shall be zero; that is 
x, = 0 at t = oO for all values of k. 

2. The initial velocity of every codrdinate shall be zero; that is 

dx, e 
a =x, =O 
at ¢ = o for all values of k. 

3. The ratio of 2; to z, for the mth mode of oscillation shall be equal 
Mi;(pm)/Mix(pm). This last condition may be readily seen to be necessary 
by substitution of (7) in (1), and is perfectly general. The first two 
conditions follow from the fact that the initial configuration is one of 
equilibrium. Certain particular cases when these conditions do not 
hold are examined below. 

We shall now proceed to a determination of the integration constants 
of (7). The initial value (¢ = 0) of yz is by (5): 


Mix(p) 
D(p) * 


Now from equation (2) and formula (6) D(p) is in general a polynomial 
of the 2uth order in p while M,i(p) is a polynomial of the (2 — 2) 
order in p. The right-hand side of (9) may be expanded by means of 
the following theorem:! 

If Qcz) and P,z) are polynomials in x and if P,.) is of higher order than 
Q.2), then: 


(yi)tx0 = E,— (9) 


Q(x) "SX ____O(%m) 





P(x) ani (% — Xm) P’ (Xn) (10) 
where X» is a root of P..) = 0, and 
dP 
P’( Xm) =(— (x) (11) 


zZ=Im 


provided Pz, does not contain repeated roots. The special case of 
repeated roots will be briefly discussed later. 
In general Mi,(p) and D(p) satisfy the conditions of expansion, whence 


1 = — Mu m 
Mirlp) _ BAD G- (Pm) 


waite ae = Pm)D (Bu) ’ 


1 See Williamson, Integral Calculus, pp. 42, 43. 


(12) 
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where the summation is extended over the roots of D(p), and 
D'(gm) = (5-006) 


Clearly then, both conditions (1) and (3) are satisfied if we set 


Mix(Pm) 
(Dm ani p)D’ (Pm) 


p= a 


Ay™ oo Fy (13) 


since then (yz + 2x) t-0 = O and! 

A,x™ _ Mir(bm) 

A;™ ~ Mi;(Pm)* (14) 

Hence the complete solution is 

Mi(d) , > Mir(Pm)_ Pat 
D(p) © ~~ <4(b — bm)D' (bm) © J’ 
provided this solution satisfies condition (2). That this is in general 
the case may be readily shown. Differentiating (15) we have 


dx. - 2, PMui() 54 _ 5% _PnMinlbm) ex | 


x, = Es} (15) 


D(p) m=1 (p — Pm)D' (Pm) 





(16) 


and 





PMix(P) -> PmMii(Pm) —}. 
D(p) i (b — Pm)D' (Pm) 
Now Mix,» is in general a polynomial in p of lower order by one than 
D(p) whence 


Gin) wo = Es 


PMix() os > PmnMix(pm) _ 
D(p) mai (P — Pm)D'(Pm)’ 
so that condition (2) is satisfied. 
It is now easy to extend formula (16) to the more general case when 
all the forces F, --- F, are finite. For let 


F, == Eye*'; eee F, = E,e?*. 


(17) 


Then the complete solution is 


as (Pm) 
E,— Mil) , Mix . ePnt 
- 22 ~ Bao eee 
Of course the different forces may be characterized by different expo- 
nential factors. 
The conditions necessary that the partial fraction expansions given 
by (12) and (16) shall hold are satisfied in general; that is in the usual 





1 Equation (14) is equivalent to condition (3), and formulates the necessary relation 
among the constants of integration. 
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case when the inertia and stiffness factors g and s are all finite. No 
attempt will be here made to rigorously discuss the cases when the general 
expansion fails or when it must be specially interpreted. Two physically 
interesting cases will however be considered. 

1. Assume that the inertia factors (g) are all zero. It will be clear 
then from physical considerations that condition (2) will not necessarily 
hold since finite velocities may be instantaneously established owing to 
the absence of inertia. The initial configuration of the codrdinates must, 
however, be zero from physical considerations. We should, therefore, 
expect, from purely physical considerations, that the expansion given 
by (12) is still valid while the expansion given by (16) no longer holds. 
This is precisely the case since now Myi:») is of order (n — 1) and D(p) 
of order in p. Hence while the expansion of Mjx,»)/D(p) is valid the 
expansion of Mj, »)/D(p) is no longer valid since ~Mj»,,) is of the same 
instead of lower order than D(p). Thus while the expansion formula 
(15) for the coérdinates and consequently the expansion formula follow- 
ing for the velocity are correct, the initial velocities are no longer neces- 
sarily zero. 

2. Assume that the stiffness factors (s) are all zero. Then physical 
considerations show that an equilibrium configuration of the codrdinates 
is indeterminate but that the initial velocities are necessarily zero. We 
should therefore expect a priori that the expansion (12) is not necessarily 
true but that expansion (17) is still valid. This is precisely the case as 
results from the following consideration. If the stiffness factors (s) 
are all zero, zero is a repeated root of D(p) of the mth order and a repeated 
root of Mix,» of the (n — 1)st order. Then 


pMu(P) _ PO) _ O16) 
D() b"P(p) Pip)’ 
where Q(p) and P(p) contain no zero roots. Then 
PMulb) _"S_Olbn) __ 
D() mai (P — Pm)P'(pm)’ 
when the summation is taken for all the roots of D(p) exclusive of zero. 
It may then be readily shown that 


(Pm) PmMii-( Pm) 








(b — Pm)P'(bm) (Bb — Pm) D' (Pn) 
whence it follows that the expansion for the velocities is valid. The ex- 
pansion for the coérdinates is meaningless. 
The two foregoing particular cases serve to illustrate the fact that 
while the expansion is generally valid it will not hold for dynamic systems 
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in which the initial conditions are not necessarily satisfied. If, therefore, 
the expansions (12) and (16) are not valid we may be sure that the initial 
conditions are not complied with by the system under consideration. 
Further elaboration of this point is not believed necessary and particular 
cases can be readily worked out from the general theory. 

As stated above, the partial fraction expansion of equation (10) does 
not hold when the denominator P(x) contains repeated roots. Cases, 
however, in which the characteristics determinant of the system contains 
repeated roots can be readily handled by letting the roots approach 
equality as a limit. A brief example will suffice to indicate the appro- 
priate treatment. Assume that the characteristic determinant is 


D(p) = p? + 2ap + 


=.(p + a)* 
and let 
I 
= - - —Pt 
** Dip) © 
The roots of D(p) are then equal so that p; = po = — a. 


To handle this problem consider the general case where 


D(b) = (b — pi)(b — Pe). 








Then 
ePt et! Pt! 
** Dib) (b = p(t: — bs) (6 = B:)(b2 — Br) 
Now let 2 = —a+e, p:1 = — a and let e approach zero as a limit. 


The final expression for x is, in the limit 





as e?! __ ( t I 
* "(eta § s+atore 

For the sake of generality the foregoing formule have been derived in 
terms of a general dynamic system; since, however the most important 
application of the expansion theorem is concerned with oscillations of 
electrical networks, the formule will therefore be translated into the 
terms of such a system. In formula (16) replace x; by Jx, where J; is 
the current in the Kth branch or mesh of the network; let g, r and 1/s 
be inductance, resistance and capacity and let Z,,.(p) be the ratio of the 
E.M.F. of frequency ~ impressed on branch or mesh 1 to the forced current 
flowing in branch or mesh K. Clearly Z,,(p) may be termed the im- 
pedance of the Kth with respect to the first branch and is given by 


| 


Zx(p) _ PMP) ° 
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Also 





ad _ Dir) _ pMii'(b) + Mul) 

dp?) = app) — PO Map)?” 
ip.) = —D (bm) _ 

Lik (Pm) ver, PmM (Pm) ’ 


since D(pm) = 0. 

Formula (16) may then be replaced by 

e?! — e~ } 
Zix(P) 2 (D — Pm)Zix' (bn) J’ 
where fm is a root of Z,.(p) since the roots of Z::(p) are likewise the 
roots of D(p). Formula (18) is the generalized form of Heaviside’s 
Theorem, into which it degenerates when # is put equal to zero. 

The expansion formula gives explicitly the resultant oscillations when 
a driving force is suddenly impressed on the system. It may be also 
used to formulate the subsidence to equilibrium of a system having any 
initial configuration, provided such configuration is producible without 
changing the connections or constraints of the system. This limitation 
is equivalent to the statement that the initial configuration may be 
formulated by sums of expressions of the form: 





I, = E,{ (18) 


pr € 


Ua)en0 = Ey = ~2. (p — Pm)Zix’ (Pm) 


when 7 is to be regarded as a constant. The free oscillations back to 
equilibrium are then given by 





eae ePmt 


b= BLDG poe 9) 





The expansion theorem formulated by (18) is derived in terms of system 
which is specified by a finite number of codrdinates. That it holds for 
a system characterized by an infinite number of codrdinates is a fair 
inference, since it seems permissible to let the number of coédrdinates 
approach infinity as a limit, though doubtless a rigorous proof of this is 
necessary. However the Expansion Theorem does hold for a number 
of problems involving an infinite number of coérdinates which have been 
examined by the writer; in particular the Expansion Theorem may be 
applied to the oscillations of a transmission line having distributed con- 
stants as well as to an artificial line having a finite number of lumped or 
localized elements. 

To illustrate the application of the Expansion Theorem to the oscilla- 
tions of a transmission line, assume an electromotive force expressible as 


Yor. X-] EXPANSION THEOREM FOR TRANSIENT OSCILLATIONS. 225 


R{Ee**} to be impressed at time ¢ = 0 on a transmission line of induc- 
tance L, capacity C, resistance R and leakage G per unit length. Let the 
length of the transmission line be / and let the e.m.f. be impressed through 
an impedance Z; at s = 0 which the line is closed by an impedance Z, 
ats = 1. The “ forced” component current at point s on the line, cor- 


responding to the impressed e.m.f. is then expressible as 
Ee? 
i, 3 = ’ 
¢s(P) 
where 
K(Z, + Z2) + (K? + 2:22) tanh (y/) 


eb) = cosh (ys)[K(Z1 + Zs) + (K? — Z;Z,) tanh (y))] - (20) 


— sinh ys[Z. + K tanh (y)/] 
In the foregoing formula: 


y =V{iR+ Lp}iG + Cp}, (21) 


n- ((EE4) : 


Z, and Z» are, of course, preassigned explicit functions of p. 
In accordance then with equation (18) the expression for the current 
at any point s along the line, valid for positive values of ¢, is 


e?t —_ cP 

—* op) py (b — Pm) ee’ (Pm) } 23) 
where ¢,(~) is given by (20); p» is the mth root and ¢,’(p) is the derivative 
of ¢,(p) with respect to p, and the summation is extended over all the 
roots. There are of course an infinite number of roots of the transcen- 
dental function ¢,(p) so that in general the solution is practically un- 
manageable. It is however, a formal compact solution of the problem. 
Moreover for particular terminal arrangements, such as Z; = Zz = 0, 
the roots admit of rather easy determination. 

The chief utility of the Expansion Theorem will be seen to reside in 
the fact that by its use the solution for the transient oscillations of the 
system is reduced to formule which are functionally the same as those 
for steady state oscillations, so that the problem is always completely 
solvable provided the roots of the characteristic D(p) admit of deter- 
mination. 





November 15, 1916. 
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THE STARK EFFECT IN HELIUM AND NEON. 


By Harry NyQulistT. 


HE effect of an electric field on spectral lines has been studied by 
Stark! in a number of substances but particularly in hydrogen, 
helium and lithium. Lo Surdo? studied the effect by a different method 
from that employed by Stark. Sonaglia* using Lo Surdo’s method ex- 
tended the investigations of hydrogen to the line H,. Koch,‘ using the 
method of Stark, investigated helium and discovered two new lines 
produced by the electric field. He also extended some of the results 
previously obtained by Stark. Brunetti® applied Lo Surdo’s method to 
helium, but unfortunately it has not been possible to obtain a copy of his 
paper. Evans and Croxson,'‘ also using Lo Surdo’s method, investigated 
a mixture of helium and hydrogen particularly with reference to the 
bearing of Epstein’s theory on the line 4686. 

In the present investigations discharge tubes both of Stark’s and 
Lo Surdo’s type were employed and compared in preliminary experi- 
ments. Stark’s tube has the disadvantages that the intensity of the 
light from it is low and that it is difficult to replace when broken, while 
the disadvantages of Lo Surdo’s tube are that it breaks readily at the 
cathode due to heating and that the glass about the Crookes dark space 
soon becomes opaque owing to sputtering from the cathode. 

An ideal discharge tube for observing the effect would be one that would 
produce a great light intensity in a strong electric field without covering 
the walls with opaque matter or otherwise changing with time. Un- 
fortunately an improvement in any one of these directions seems to be 
disadvantageous in others, so a tube must be something in the nature of a 
compromise. 

After much experimenting the form of tube illustrated in Fig. 1 was 
adopted as being more satisfactory than any other type tried. 

1 Elektrische Spektralanalyse chemischer Atome, Hirzel, Leipzig, 1914; Ann. d. Physik, 
48, p. 193, 1915. 

2 Accad. Lincei, Atti 22, p. 664, 1913; 23, p. 82, 1914. 

3 Accad Lincei, Atti 24, p. 621, 1915; N. Cimento, 11, p. 207, 1916. 

4Ann. d. Physik, 48, p. 98, 1915. Cf. Stark, Elektrische Spektralanalyse chemischer 
Atome, p. 73. 

5 N. Cimento, 10, p. 34, I915. 

6 Phil. Mag., 32, p. 327, 1916. 
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The tube consists of a main portion M, of about 12 mm. internal di- 
ameter, into which a bottle-shaped portion B is fitted rather loosely and 
made tight with sealing wax, so it can be removed and inserted without 
difficulty. Within the portion B is a solid aluminium rod of about 4.8 
mm. diameter which serves as cathode. It is inserted so that one end, 
which is filed flat, comes nearly flush with the narrow upper end of B. 
A small vacant space is left between the sides of the 
cathode and the glass to prevent conduction over the 
glass. Resting on the upper end of portion B and 
partly surrounding it is the aluminium cylinder D. 

One half of this cylinder is bored to a diameter suffi- ae 
cient to fit loosely over B. The remainder is bored 
to a diameter 3.25 mm. The upper end of the larger 








hole does not form a square shoulder but is slightly g 
curved. Thus the metal cylinder is not in contact 
with the cathode but is insulated from it by means of MJ D 


the glass. From a point opposite the upper end of 
the cathode and extending about 7 mm. toward the 
anode there is a slit S, .75 mm. in width, through the 
wall of the aluminium cylinder. Opposite this slit 
there is a side tube G whose outer end is covered by a 
window W. Theanode A is situated about 12 cm. from 
the top of the aluminium cylinder and at this place 
there is a side tube T for exhausting the tube and in- 
troducing the gas under investigation. The whole dis- Fig. 1. 
charge tube is made of Pyrex glass. This glass has a 

small coefficient of expansion and softens only at a high temperature, 
both of which qualities make it a desirable material for the tube. The 
electrical connections are made by means of platinum wires. These are 
sealed through the glass without any special precaution and without the 
use of any other kind of glass. The seal thus formed is not quite gas- 
tight but can be made so by a small drop of sealing wax. Wax joints are 
used to connect the window to the side tube G, the side tube T to the 
remainder of the apparatus, and part B to part M. As this last place is 
heated by the discharge, two fine jets of air are employed to keep its 
temperature down. 

The spectrum was investigated by means of a spectrograph consisting 
of six prisms made by Kriiss and reground by Brashear. The faces of 
the prisms are 6 cm. by 6 cm. The collimator lens is an achromatic 
triplet whose focal length is 90.5 cm. and whose diameter is 6.5 cm. The 
camera lens is a doublet whose focal length is 116 cm. and whose diameter 
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is 8.5 cm. These lenses, both of very good quality, are the property of 
Professor Hastings, to whom I am indebted for kindly allowing me to 
use them. 

About 12 cm. in front of the discharge tube is a double image prism. 
An achromatic photographic lens focuses the light that has passed through 
the double image prism on the slit. The two images thus formed are 
plane polarized, one parallel and one perpendicular to the discharge tube 
and the slit. As was to be expected with so many prisms, it was found 
that light having the electric vector parallel to the slit is reflected from 
the faces to such an extent that it is almost impossible to photograph the 
lines. To obviate this a mica half-wave plate having its axes at 45° 
with the slit is placed in the path of that beam near the slit. This changes 
the polarization so that the light from both images has its electric vector 
perpendicular to the slit. 

For some of the work in the red portion of the spectrum a plane grating 
was used in place of the prisms and the mica plate was eliminated. 
The grating is 8.0 by 5.3 cm., has about 15,000 lines to the inch and has a 
total of 44,100 lines. The second order was used. The plane of the 
grating is nearly perpendicular to the axis of the camera. The grating 
being thus inclined to the collimater axis the full aperture is utilized. 

The dispersion of the prism spectrograph varied from 2.1 A per mm. in 
the violet to 8.2 A per mm. in the red. Both these figures are for mini- 
mum deviation. On any one plate the light of shorter wave-length 
suffers a greater dispersion and that of a longer wave-length suffers less 
dispersion. The dispersion of the grating is 7.3 A per mm. in the second 
order. 

The electrical arrangement is indicated schematically in Fig. 2. This 
is essentially the same kind of apparatus that is employed by Dr. A. W. 
Hull,'! of the General Electric Company, for energizing X-ray bulbs. 
His apparatus, however, supplies about ten times the voltage of the 
present one. The present apparatus was obtained from the General 
Electric Research Laboratory through the kindness of Drs. Whitney and 
Hull. 

The source of energy is a 110-volt alternating current circuit. 7» and 
T,’ are transformers which step down the voltage to about 25 volts. 
The primary current is regulated by means of the variable resistances 
ro and ro’. K and K’ are hot-wire rectifiers or kenotrons, the filaments 
of which are kept incandescent by the current from the transformers 
T: and T,’. The anodes of the rectifiers are connected together. TJ isa 
transformer which steps up the voltage from 110 to 13,200 volts. The 


1 Gen. El. Rev., 19, p. 173, 1916. 
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middle point of the secondary is grounded to the transformer case and 
is connected to one side of the capacity C, the other side of which is con- 
nected to the anodes of the rectifier. The two ends of the secondary 
of transformer 7; are connected 
to the middle points of the sec- 
ondaries of transformers 7; and 
T.’ respectively. The seconda- 
ries of the transformers 72 and 
T.’ are in turn connected to the 
filament of the rectifiers. The 
capacity (.17 microfarad) con- 
sists of 100 small commercial 
condensers connected in parallel. 
The condensers are kept continu- 
ously charged by the rectifiers and are continuously discharging through 
the inductance L, the ballast resistance R and the discharge tube D. 

The inductance Z consists first of a coil of carrying capacity of 50 
milliamperes and with an inductance of 400 henrys. To this was added 
the secondary of an induction coil of unknown inductance. The ballast 
R consists of a rectangular sheet of asbestos painted on one side with 
lampblack and wood alcohol and has a resistance of about .8 megohm. 
The discharge tube D is shown in detail in Fig. 1. 

The tube was exhausted by means of a Geissler pump. A reservoir 
containing the gases was connected to the tube by means of stopcocks 
in such a manner that a small portion could be admitted at each turn 
of the stopcocks. Another Geissler pump served to transfer the gas from 
the tube back into the reservoir, when not in use. A charcoal bulb and 
a U-tube were connected to the tube as near to it as convenient. They 
were immersed in liquid air and served to withdraw all gases and vapors 
from the tube with the exception of hydrogen, helium, and neon. The 
pressure was measured by a McLeod gauge. A palladium tube was 
attached to the apparatus and served to introduce hydrogen by being 
heated in a hydrogen flame. | 

The helium was prepared by Professor Boltwood from thorianite. 
The neon was produced from crude argon by freezing out the other con- 
stituents with charcoal and liquid air. The crude argon had been pre- 
pared by Professor Boltwood from atmospheric air by passing it through 
a mixture of CaC, (90 per cent.) and CaCl. (10 per cent.) heated to bright 
redness. The neon contained appreciable quantities of helium and 
hydrogen. My thanks are due to Professor Boltwood for kindly putting 
the gases at my disposal and for assisting in their manipulation. 
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For wave-lengths less than 5,000 A., Seed 30 plates were used, while 
Cramer’s Spectrum plates were employed in the red and yellow. Fora 
short region in the green neither of these plates was very satisfactory and 
in this region the Seed 30 plates were used after being stained with ery- 
throsin. The recipe used is that given in Baly’s Spectroscopy, p. 351, 
Ist ed. The plates were cut into strips 25 cm. by 2.5 cm. 

The range of pressure which is suitable is rather smal]. If the pressure 
is increased above ordinary working conditions, the conductance of the 
tube is very much increased, the drop of potential and hence the field 
becomes too small for satisfactory work. On the other hand, if the 
pressure is decreased much the luminosity of the discharge diminishes 
rapidly and soon ceases altogether. The best working pressures with 
the present apparatus were found to be for helium about 2.6 mm. of 
mercury and for neon about I.5 mm. 

The fall of potential across the tube as measured with an electrostatic 
voltmeter varied rapidly with small changes in the pressure. Under 
working conditions the fall of potential was 4,000-6,000 volts. The 
current varied from 2 to 8 milliamperes. 

The times of exposure varied from 2 min. to 13 hrs. depending upon 
the region of the spectrum investigated and the intensity of the lines. 

When the current is turned on, the positive rays in the region above the 
cathode collect at the axis of the aluminium cylinder where they form a 
narrow but very luminous beam. This beam is the source of light and 
being situated in the cathode fall of potential is affected by a strong field. 
The beam or stream of positive rays rapidly attacks the aluminium 
cathode when freshly prepared and digs a pit in its center. While this 
pit is forming the electrical field is not stable nor is the discharge even and 
continuous. After having run for about an hour, however, a stable con- 
dition appears. The field stays constant and the discharge appears to be 
continuous. The pit is then conical, has a diameter of about .5 mm. and 
a depth of about 1.5 mm. and changes only very slowly. 

After being run for about 40 hrs. a point is reached when a black film 
accumulates about the cathode on the glass surrounding it and in the 
aluminium cylinder. Then a condition of instability again sets in and it 
becomes necessary to take the tube apart at the wax joint and clean 
the parts. At no time is there any trouble from sputtering on the 
window. This isa great advantage over the original Lo Surdo tube where 
the glass is close to the cathode. 

While no attempt was made to study the Balmer series of hydrogen, 
photographs of these lines were obtained incidentally. They serve as a 
comparison of the resolution of the present apparatus with apparatus 
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used formerly. All the strong components given by Stark for Hg, H,, 
and H; appear. The weak components given by Stark do not appear, 
probably because with the amount of hydrogen present the exposure 
was not long enough. It is possible, however, that their relative inten- 
sity is greater in the strong fields employed by Stark. The moderately 
strong components do appear with the exception of the outer ones vi- 
brating parallel to the field in Hg and H,. For H, the resolution is 
essentially that attained in Stark’s ‘‘ Grobzerlegung ”’ or rough analysis. 
The number of components is in each case except H, greater than hitherto 
obtained with the ordinary Lo Surdo tube. 

If the frequency of a spectral line is affected by the field, it follows 
that its image on the photographic plate is no longer a straight line in 
its usual position but its various points are displaced, the displacement 
being a function of the field strength. Moreover, since the field is a 
continuous function of the distance from the cathode, the line on the 
plate will in general be changed into one or more curved lines. With the 
particular construction employed the field strength has a maximum at the 
lower end of the narrow hole in the aluminium cylinder, which point is 
situated about .5 mm, above the cathode. The field falls off in both 
directions from this point and has three-fourths its maximum value at 
the cathode and reaches a value very nearly zero at a point about 4 mm. 
above the cathode, this distance being a function of the pressure. It 
should be pointed out in this connection that the field depends on the 
diameter of the hole in the aluminium cylinder; the smaller the diameter 
the greater the field. It is possible to increase the field by making the 
hole narrower, but the intensity is decreased as a result. 

Stark’s measurement of the effect in the lines of the Balmer series of 
hydrogen was carried out with considerable precision, and, as the hydro- 
gen lines were present along with those of helium and neon, his measure- 
ments have been used in the present investigation for determining the 
field.. An absolute method would be to integrate the displacement along 
the line, 7. e., to find the area inclosed between the original line and the 
displaced line. Then this area would be to the total drop as the dis- 
placement at any point is to the field at that point, assuming that the 
displacement is proportional to the field. However, this method would 
involve a separate series of exposures to establish such linearity of 
relation, and the accuracy would probably be much less than that ob- 
tained by reference to Stark’s results in hydrogen. It should be stated 
here that the potential of the aluminium cylinder is nearly that of the 
anode, a preliminary experiment showing a difference of less than 200 
volts between them. 
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The relation between the displacement and the field is in general 
expressed by the relation 


bd = a+ bE+ cE }+ etc., 


where 6d is the displacement of a given component, E the electric field 
intensity, and a, b, c, etc., are coefficients independent of E. The 
measurements of Stark show that all these coefficients with the exception 
of 6 are zero for all the components of the lines of the Balmer series of 
hydrogen. The idea that a may be different from zero appears strange 
at first consideration, since it signifies a definite displacement for zero 
field. It might be argued that if there is a displacement for zero field, 
we should see in the spectrum from an ordinary discharge tube, not single 
lines but groups of lines, doublets, triplets, etc. The explanation of this 
apparent contradiction to observed facts is that the intensity of a given 
component as well as its displacement is a function of the field strength. 
In components where a differs from zero, the light intensity approaches 
zero as the field strength approaches zero. The method of finding a 
will be understood from Fig. 3 (c), which illustrates four such components. 
It will be seen from that figure that these components approach asymp- 
totically a line which is parallel to the undisplaced line. The distance 
between these parallel lines is a measure of a. The presence of terms in 
FE’, etc., is investigated by comparing the components of the lines with 
the components of the Balmer series of hydrogen. Ifc has an appreciable 
value for any component of a helium or neon line, its form will differ 
from that of the components of the hydrogen lines. No such difference 
has been found. Hence it will be assumed that with the field strength 
employed cE? is negligible and that 


b\ = a+ DE. 


Components in which a differs from zero are found mainly in the helium 
lines, but a few are also found in some neon lines. Such components may 
be looked upon as new lines, especially as a number of new lines appear 
which are not components of any known lines, but since it is obvious that 
they are closely related to certain undisplaced lines, it is perhaps best to 
treat them as components. 

In some of the earlier plates a comparison spectrum was used produced 
by letting light from an ordinary capillary discharge tube fall on the slit. 
The comparison spectrum consisted of three sections; one between the 
two spectra under investigation, one above, and one below them. By 
thus having three sections it was possible to eliminate the uncertainty 
arising from the curvature of the lines, which curvature is inevitable in 
prism spectrographs. It was found that there was no displacement 
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between the lines in the comparison spectrum and the upper part of the 
lines investigated, hence, it was assumed that the field is zero at the source 
of such upper portion. This assumption is further borne out by the fact 
that lines which are symmetrically divided by a field and which therefore 
would be broadened if a field was present show no such broadening. 

In Fig. 3 are shown some illustrations of the lines as they occur on the 
photographic plate. In these drawings the wave-length increases from 
left to right. The upper part of the illustrations show the line as it ap- 
pears when the field is zero; the lower part shows the effect of the field. 
The pair of components illustrated at (a) is typical of the Balmer series 
All the components in that series, except the central unaffected ones, 
seem to arrange themselves in such 
pairs. In helium there is only one line : b nf 
(4,686) which has such a symmetric pair 
of components and in neon there are C h ( ( 
none. The form shown in (0) is typical 
of lines which show no appreciable Stark 


e f I A 
effect. While it is distinctly broadened 
in its lower portion there is no doubt that L L ( ( \ 4 
at least the greater part of that broaden- 


ing is due to increased intensity in the Fig. 3. 

stronger field. The illustration (c) rep- 

resents those components of He 4,388 whose electric vector is per- 
pendicular to the field. It shows in order from left to right two com- 
ponents having a <o and b <0, one component having a < o and 
b = 0, one having a < 0 and b > 0, and finally two having a = o and 
b>o. The line He 4,922, sketched at (d), illustrates a line having one 
of its components so far removed that it might well be looked on as a new 
line. However, the intensity and general appearance of this component 
indicates that it is closely related to the other components of the line. 
The type (e) is very common in neon as is also type (f). It is possible 
that some of the lines found to be of the type illustrated at (e) are in fact 
of the type illustrated at (f), the resolving power of the spectrograph being 
too small to separate them. A few lines in neon are of the general type 
illustrated at (g). Unfortunately the components farthest away are in 
this case so faint that they are difficult to measure. A number of lines 
of the type shown at (h) occur, particularly in neon. They will be called 
for convenience new lines. They seem to appear only in the electric 
field where they are very broad and intense, several times as intense, in 
fact, as any other neon line in the same region. Where the field is zero 
these lines disappear altogether, or at least become so faint that they leave 
no impression on the photographic plate. 
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HELIUM. 


The results obtained in helium are tabulated in Table I. Each line in 
the table refers to a component. The first column indicates the wave- 
length of the line unaffected by the electric field. The second column 
gives the field strength, arid the third indicates the means whereby E 
has been calculated. a indicates that E has been computed from the 
distance between the parallel components of H, and the data given for 
that line by Stark.! Similarly 8 indicates that the field has been obtained 
from the data given for the parallel components 5—5 of H,%. Also y 
refers in the same manner to components 6 —6 of H,’ and 6 to components 
7—7 of H;‘. In the next column, headed polarization, is indicated 
whether the component has its electric vector parallel to the field (p) or 
perpendicular to the field (s) or whether there is a component in both 
images (ps). The next column gives the change in wave-length due to 
the field. A positive value indicates that the wave-length is increased, a 
negative one that it is decreased. The last two columns give the coef- 
ficients in the relation 6A = a+ bE. Theunits are A and volts per centi- 
meter throughout. 

The displacement was found in most cases by measuring the distance 
on the plate between hydrogen lines of known wave-lengths, one on each 
side of the line under investigation and assuming that the distances are 
proportional to differences in wave-length within this region. When 
no such lines of reference exist close enough together, the table given by 
Merwin has been employed after being tested on known lines. 

The following new lines were reported by Koch: 4,519, 4,046. In ad- 
dition the following new lines appear on my plates: 3,962, 3,946. 

In referring to the components, the following convention will be em- 
ployed to identify them. First, the wave-length of the undisplaced line 
will be given, then, in order, the numerical values of a and of b, and finally, 
if necessary, the letter p, s, or both. 

The component 4,686, 0, 0, is probably made up of several components 
but the present apparatus does not separate them. Most of the other 
components in helium are very sharp and are probably not further separ- 
able. The components 4,472, 0, 0, ps, are weaker in the stronger portions 
of the field, the contrary being the general rule. The component 4,388, 
—.80, —1.16, p also is weakened as the field increases and is nearly in- 
visible at the point of maximum field, whereas the component 4,388, 


1 Elektrische Spektralanalyse chemischer Atome, p. 51. 
2 Loc. cit., p. 54. 

3 Loc. cit., p. 55. 

4Loc. cit., p. 56. 

5 Am. Jour. Sci., 43, p. 49, 1917. 
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TABLE I, 
Helium. 
me | E. | Compenet | Polarization. | BA, a. b. 

6678 | 30,900 a Doubtful 

5876; “ | ” “ 

5047 | 20,000 | * 

5015 | " | * ” 

4922 “| “ ps 2.31 0 1.16 10-4 
“ $ 1.49 0 75 
| - © = ps —2.31 —1.24 —.54 
oi @ | e ps —11.90 —11.35 —.28 

4713 | 38,600 | " Doubtful 

4686 _ . p 1.24 0 32 
“cc ““ | “cc s 0 0 0 
“ . | ° p —1.24 0 —.32 

4472 | 36,400 | ¥ ps 1.17 0 32 
“ “| a ps .78 0 .20 
" ” " ps 0 0 0 
" ” ” ps $82 —1.52 —.43 
. - " ps —3.80 —1.52 —.63 

4438 » | " ps 58 0 16 

4388 " p 6.33 0 1.74 
” . . p 5.75 0 1.58 
" ” “ s 5.50 0 1.51 
. " . 5 3.67 0 1.01 
. *_f p | 86 —.40 13 
. . ° s 61 —.40 06 
* . . 5 —.40 —.40 0 
">; * “ ps | —5.02 —.80 | —1.16 
i ie “ ps | 8.58 —3.61 | —1.36 
. a ° p | —9.64 —3.61 | —1.66 

4169 | 26,200 | ¥ ps 1.12 0 43 

4144, “| “ ps | 6.90 0 2.64 
o | « “ s | 5A7 0 1.97 
ys 6S . ps | 2.97 0 1.13 
a Tbe ™ s 1.57 0 60 
oe Bix “ ps —.93 —Al —.20 
. ‘s s | 2.17 —.41 —.67 
‘ 7 ” s | 6.00 — Al —2.13 
“joe | “ ps | 8.13 —~41 | —2.95 
. . p |  —9.06 —41 | —3.30 

4121; “ | " ps .09 0 —.03 

4026 | 26,800 5 ps 2.91 0 1.09 
i . s 2.30 | 0 .86 
7. * s —.54 | —.54 0 
os @ . ps —.70 —.54 —.06 
-] @ ee s —3.16 —1.08 —.78 
"| « “ ps —3.78 —1.08 —1.01 

3965) a 5 —.44 0 —.16 
—. ° p —.73 0 —27 

3889 | “ Doubtful 
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—.80, —1.16, s is strengthened with an increase of the field. The true 
explanation probably is that the component in question 4,388, —.80, 
— 1.16, ps is elliptically polarized and that the eccentricity of the ellipse 
increases with the field. For any line having several values of a those 
values are simple multiples of the least one. 

An examination of the table discloses the fact that the lines may be 
divided more or less sharply into types and that the lines of any given 
series are in general of the same type. 

The line of the principal series of helium (3,889) does not show any Stark 
effect or, if it does, it is too small to measure. In the first subordinate 
helium series three members are represented: 5,876, 4,472, 4,026. They 
show a progressive change as follows. The first line has one group of 
components (probably only one component); the second has two groups 
with different values of a and the third has three such groups. The 
second subordinate helium series shows a small effect in the two lines 
representing it in the table (4,713, 4,121). In both cases the effect 
seems to be nearly the same, merely a single component displaced slightly 
toward the red. The lines of the first subordinate series of parhelium 
(6,678, 4,922, 4,388, 4,144) are separated into more components and the 
components are farther separated than in any other series. The lines of 
this series resemble each other very much on the photographic plate. 
The second subordinate series of parhelium (5,048, 4,438, 4,169) resembles 
the corresponding series in helium in that its members are composed of a 
single component having a positive 6s. The values of 6A are greater 
than in the helium principal series. The line 3,965, which is the only 
member of the parhelium principal series showing a measurable deflection, 
is exceptional in that its component has a = 0, b < o. No other line in 
helium or neon shows this effect. The line 4,686 is very much like the 
line H,. It is in fact different from any other helium line. This line is 
interesting from the point of view of Epstein’s theory' of the Stark effect. 
It has unfortunately not been possible to obtain a copy of Epstein’s 
paper, but according to Evans and Croxson? it demands the value 24/7 
= 3.43 for the ratio of the separation of Hg to that of 4,686. The actual 
ratio found is 4.75 (nearly 24/5) a discrepancy of about 38 per cent. In 
other words the ratio instead of being 24/(4?— 3?) is 24/(3?—2?). 


NEON. 
As has already been pointed out a very general phenomenon is the 
increase of the intensity in the portion of the lines which corresponds to 
the field. It seems likely that this is not due to the field directly but may 


1 Epstein, Phys. Zeitschr., 17, 148, 1916; Ann. d. Physik, 50 (5), 489, 1916. 
2 Loc. cit. 
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TABLE II. 

















E. 6A. b. 
30,900 17u .05 X 1074 
4 134 .04 
‘s .80 .26 
a .50u 16 
" | 43 14 
” RS ag 
si .70 .23 
‘i .57 18 
= .30u .10 
e .33 11 
m .50 .16 
- 1.20 39 
- .60 19 
i 35 11 
a 18 
22,500n +? (blurred by an H line) 
30,900 | .99 ae 
ae .62 .20 
22,500n | 15 07 
30,900 74 .24 
22,500 aa Re 
“ | 18 08 
‘i .27 12 
.32u 14 
s .34u AS 
a A5 .20 
20,0008 1.07 54 
= 1.43 72 
1.43% ae 
ss 3.03 1.52 
“is 3.21 1.61 
” | 2.97 1.49 
as 40 .20 
ag 1.19 -60 
" 1.38 .69 
= 1.80 + -90 
ss 2.76 1.38 
7 1.60 .80 
29,600n 13 04 
20,0008 1.78 .89 
5 2.15 1.08 
29,600n 4.18 1.41 
” 51 17 
20,0008 .26 BR 
29,600 Py | .24 
” 32 11 
38,6008 
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the E. 8A. | b 
4822 38,6008 44 11107 
4819 m 3.54u .92 
4790 * 4.65u 1.20 
4789 ° .33 .09 
4750 = 6.96u 1.80 
4713 sa 2.12u 55 
4712 1s 7.96 2.06 
4709 i 1.68 44 
4703 = 2.48 .64 
4646 . 14 .04 
4615 36,3007 1.25 34 
4583 ss 1.13 me | 
4575 = 5.45 1.50 
4425 ‘ 6.12 1.69 
4423 - 3.30 91 











be due to other causes such as more complete ionization. At any rate 
the effect of this increase in intensity is to broaden the line on the photo- 
graphic plate. Now if the displacement of such a line is small it may well 
happen that the broadening masks the displacement either completely 
or to such an extent that the displacement can not be measured. 

The following neon lines showed no displacement but were broadened. 
The ones marked with an asterisk were investigated by means of the 
grating as well as with the prisms. The field strength as computed from 
Stark’s data for H, was 30,900 volts/cm. 

7,059, 7,033, 6,930, 6,717*, 6,678*, 6,599*, 6,533*, 6,507*, 6,445, 6,410, 
6,402*, 6,383*, 6,352, 6,335*, 6,331, 6,328*, 6,314, 6,305*, 6,294, 6,267%, 
6,247, 6,217*, 6,214, 6,182, 6,164*, 6,143,* 6,129, 6,118, 6,096*, 6,074*, 
6,046, 6,030*, 5,975, 5,945*, 5,939, 5,882*, 5,852*, 5,829, 5,663, 5,434, 
5,401, 5,372, 5,234, 5,189. 

The following neon lines show a positive displacement, but it is so 
small compared with the broadening of the line that it can not be meas- 
ured. The field is from 20,000 to 30,900 volts/cm. 

6,001, 5,349, 5343, 5341, 5,331, 5,320, 5,305, 5,298, 5,280, 5,274, 
5,222, 5,150, 4,837, 4,828. 

The lines in Table II. have one component parallel and one perpen- 
dicular to the field. Further the two components appear to be displaced 
equally, which makes it probable that the light is unpolarized. The 
letter (a, B, y, ) after the field strength refers to the known line from 
which the field has been computed. In this connection the letter 7 refers 
to the neon line 5,204, which was used in some cases, and for which the 
constant has in turn been computed from Hg. The value of a is zero 
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for all lines in this table. The letter u after a number indicates that, 
by reason of obscurity of lines or other causes, the measurement is un- 
certain. 

The component of 5,117 is probably double. The line 4,713 is blurred 
by the helium line. 

In Table III. are listed the neon lines which have more than one 
component. The notation is the same as in Table I. 

The component 5,360, 0, 1.25, ps, is very faint in comparison with 
the components 5,360, 0, 0, ps. The component 5,074, — 4.30, — 1.31, 
s, is faint and blurred. It may consist of two components. The com- 
ponent 5,074, — 4.30, — 1.31, Ss, is so weak on the plate that its presence 
can not be established with certainty. The component 5,038, 0.96, ps, 
may be made up of two. The components 5,031, — 4.75, — 1.69, p, 
and 5,031, — 4.09, — 1.14, p, are uncertain. The component 4,810, 
— 4.65, —.52, s, probably consists of two components. 

A considerable number of new lines appear. These are very much 
more intense in the field than any other neon line in the same region, but 
the plates show no trace of them where the field is zero. The field 
strengths given in connection with these lines is the maximum field in 
the tube at the time of exposure. They do not indicate that those field 
strengths are the minimum required to produce the lines. 

A field of 20,000 (8) produced the new lines 5,200, 5,188, 5,149, 5,139, 
5,073, and 5,071. A field of 36,400(y) produced the new lines, 4,616, 
4,589, 4,569, 4,556, 4,555, 4534) 4533, 4524) 4,513, 4,500, 4,458, 4,430, 
4,427, 4,420, 4,413, 4,412, 4,409, 4,402, and 4,392. A field of 34,800 
produced the lines 4,380, 4,371, 4,307, 4,291, 4,253, 4,242, 4,235, 4,230, 
4,228, and 4,216. 

The new line 5,139 has a displacement 6A = .20 or b = .10 X 107+. 
The line 5,071 may be the hydrogen line. 

These tables and lists probably are not complete even in the region of 
the spectrum which they cover (the visible). Some relatively strong 
lines are split up into components some of which are so faint as to be 
barely detectable. It is thus quite possible that other fainter lines have 
components that are too faint to be detected with the present means. 
This will be appreciated when the vast number of faint neon lines is taken 
into consideration. Further a number of known faint lines do not appear. 

On examining the data given above, certain general facts are evident. 
They may be briefly summarized into the following rules which are 
applicable to helium and neon only. 

1. The Stark effect increases with the frequency and more rapidly than 
the first power of the frequency. 
































































HARRY NYQUIST. 








TABLE III. 
Neon. 
Polarization. 6A, 
ps 2.50 
ps 0 
ps 3.46 
Ss 2.24 
ps 3.52 
Ss 2.38 
ps 2.76 
Ss 1.65 
ps 4.23 
ps — .31 
ps —2.70 
ps —8.18 
ps 2.85 
Ss 1.50 
ps 3.89 
ps — .16 
ps —2.59 
ps —7.47 
ps —9.75 
ps 3.17 
Ss 1.90 
ps 3.28 
s 2.03 
p 4.15 
Ss 1.55 
ps .28 
p 9.12 
Ss 6.95 
ps 4.65 
ps 2.15 
ps —4.87 
ps 6.75 
ps .33 
ps — 6.64 
ps 6.77 
Ss 5.42 
ps 0 
ps — 6.96 
ps 7.85 
Ss 5.70 
ps 1.77 
ps —1.77 
ps 2.48 
ps —3.54 
ps —4.86 
ps —11.05u 
p 12.65 
Ss 9.78 
















b. 
0 1.25 10-4 
0 0 
0 1.17 
0 .76 
0 1.18 
0 .80 
0 .93 
0 56 
0 1.43 
—1.48 40 
—3.27 19 
—4.30u —1.34 
0 .96 
0 51 
0 1.31 
—1.38 Al 
—3.06 .16 
—4.09 —1.14 
—4,75 —1.69 
0 1.06 
0 .64 
0 1.11 
0 69 
0 1.08 
0 40 
0 .07 
0 2.37 
0 1.80 
0 1.20 
0 56 
—3.92 — .25 
0 1.75 
—1.54 7 
—4.65 — .52 
0 1.75 
0 1.40 
—2.33 .60 
—5.21 — 45 
0 2.04 
0 1.48 
0 46 
—0.60 — .30 
0 .64 
—4.65 29 
—5.77 .24 
—7.43 — .94 
0 3.48 
0 2.69 
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TABLE III.—Continued. 




















vod £. Polarization. 5A, a. 6. 

4538 36,4007 | p 9.05 0 2.48 x 1074 
ee as | s 6.78 0 1.86 
“ “ ps | 3.06 0 84 
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2. Of two lines in the same region of the spectrum the weaker is usually 
affected more than the stronger. 

These two rules have frequent exceptions. Indeed, they are sometimes 
contradictory, namely, when the line of greater intensity also has the 
greater frequency. If we combine the two rules into one giving proper 
weight to the two factors, the number of exceptions is small. 

3. When a = 0, bis positive. Only two exceptions have been found to 
this rule, viz., He 4,686, and He 3,965. 

4. a is never positive. 

5. If a given helium line has several values of a these values are simple 
multiples of the least one. 

6. Where a = 0 the ratios of 6 for different components approximate 
to simple numerical ratios. Sometimes this approximation is poor and 
the discrepency is greater than the error in measuring. 

7. When a = o for agroup of components the s components are never 
farther displaced than the p components; the » components are displaced 
as far or farther than the s components. When a = 0 no corresponding 
rule can be stated because as has been said the » components are then 
too faint to be observed with certainty. 

It was pointed out in discussing the helium spectrum that the lines 
which belong to the same series are similarly affected. We should there- 
fore expect a similarity in neon between lines of the same series. Some 
neon series have been given by Rossi.!. Unfortunately most of the lines 
in these series are so faint that it has not been possible to get them on 
the negatives. However, as far as the present data go some corre- 
spondence with Rossi’s series is suggested. The first series of Rossi is 
represented by the following lines on my plates: 5,820, 5,765, 5,081, 
5,038, 4,753, 4,715. The first two are given in the table as having one 
componenteach. The lines 5,081, 5,038, and 4,715 show two components 
1 Phil. Mag., 26, 981, 1913. 
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each. -4,753 has more than two components and differs in this respect 
from the other lines of the series but these components are faint and there 
may be components corresponding to them in the other lines which are 
too faint to make an impression on the plate. It is possible also that 
5,820 and 5,765 may have two components and that the spectrograph 
does not resolve them. The second series of Rossi is represented by the 
lines 5,805, 5,748, 5,074, 5,031, 4,750, and 4,712. The lines 5,074 and, 
5,031 differ from nearly all other lines in the number of detached com- 
ponents. We should then expect such components in the other four lines 
as well, and the plates have been carefully examined with this in mind. 
As for the first two there are a number of hydrogen lines where the faint 
components might be expected and nothing definite can be said about the 
absence or presence of detached components. As for the pair 4,750 and 
4,712 the plate does indeed show detached components in this region but 
they have been attributed to other lines in the table. When several 
neon lines are close together there is of course no certain way of telling 
whether a detached component belongs to one line or another. If we 
attribute to 4,750 the detached components which have been attributed 
to 4,753 and to 4,712 the ones which have been attributed to 4,710 and 
4,705, we not only increase the agreement between lines of the second 
series but secure nearly perfect agreement in the first series. Moreover, 
the lines in the second series of Rossi and the lines 4,818 and 4,810 will 
then be the only lines in the neon spectrum which have detached com- 
ponents, 
SUMMARY. 


1. The Stark effect in helium and neon has been investigated by means 
of a high dispersion prism spectrograph and a new type of tube which is 
essentially a modification of the Lo Surdo tube. 

2. It has been found that the various lines investigated may be classi- 
fied in several types, and that lines which belong to the same series are 
of the same type. 

3. The components obtained have been tabulated. 

4. It has been found that the displacement is approximately a linear 
function of the field and that the absolute term in the equation relating 
the displacement and the field is not always zero. 

5. In the helium spectrum the two new lines produced by the field 
and discovered by Koch were observed and, in addition, two other new 
lines. In the neon spectrum thirty-four such lines are observed and 
recorded. 

6. A set of empirical rules has been given, which summarize quali- 
tatively the results given in the tables. 
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The present investigation has been conducted under the supervision of 
Professor Bumstead, to whom I wish to express my thanks for constant 
direction and encouragement. My thanks are also due to Professor 
Taylor for assisting me in the more difficult glassblowing, particularly in 
making a tube of the Stark type. My thanks are further due to Professor 
Uhler for frequent advice about the use of the spectroscopic apparatus. 


SLOANE PHYSICAL LABORATORY, 
YALE UNIVERSITY, 
April 30, 1917. 


DESCRIPTION OF PLATE I. 


On Plate I. are illustrated portions of the spectrum that are of special interest. These 
photographs were obtained with a mixture of neon, helium and hydrogen. As has been stated 
previously separate photographs were taken with helium and hydrogen only. 

While some of the lines are so faint as to be barely detectable, others are greatly overex- 
posed. For this reason it was necessary to take several photographs of different times of 
exposure. Those shown in the plate are of rather long exposure. 

The upper spectrum in each figure is produced by light having its electric vector parallel 
to the electric field, the lower by light vibrating perpendicularly to the field. These figures 
all have the long wave-length end toward the left. 

Fig. 4, exposure 3 hrs., voltage on tube 5,000, pressure 1.5 mm., is from the blue portion 
of the spectrum. On the left is shown the helium line 4,713 together with a number of neon 
lines. To the right of this group are some detached components which have been mentioned 
in the discussion of Rossi’s series. An examination of the figure will make clear the difficulty 
of assigning the detached components to the proper line. To the right of this group appears 
the line 4,686, which, as has been pointed out, is the only helium line which shows a symmetric 
effect. The helium line 4,472 is overexposed in this figure. The helium line 4,388 shows a 
great number of components and has been illustrated in Fig. 3. In the present figure the 
lower spectrum shows two images of this line. This is due to a fault in the optical system 
probably in the double image prism. In most of the photographs this does not appear and 
in some it occurs in the upper image. The line Hy shows the same defect, but in neither case 
does it interfere with the measurements. On the negative, there appear a number of weak 
components between the strong components in the upper image of Hy. These are nearly 
lost in the process of printing. The small arrows below the figure indicate the new lines 
which are situated in this region, one (4,519) belonging to helium, the rest to neon. 

Fig. 5, exposure 5 hrs., voltage on tube 5,000, pressure 1.4 mm. This figure shows some 
helium and some neon lines. Between the lines 5,038 and 5,015 several components appear. 
They belong to the line Ne503: which is of the type shown at (g) in Fig. 3. The upper part 
of this line appears on the negative but is practically lost in printing. Fig. 6, exposure 3 
hrs., voltage on tube 6,000, pressure 1.6 mm. This figure shows the line 4,922 in greater 
detail than the drawing Fig. 3. 
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THE IONIZATION POTENTIAL OF ELECTRODES IN VARIOUS 
GASES. 


By F. M. BIsHop. 


HE object of the present investigation was to redetermine the ionizing 
b potential of certain gases under different experimental conditions 
and to extend the work to some simple compounds and see if the com- 
bination of one atom with another had any effect on its ionizing potential. 

Two forms of apparatus have been used heretofore for the direct meas- 
urement of ionization potentials; one in which the source of electrons was a 
plate illuminated by ultra-violet light, was used by Lenard! and by Dem- 
ber,? and the other form in which electrons were liberated from a hot wire 
or Wehnelt cathode was used by von Baeyer,* Franck and Hertz‘ and 
Pawlow. Since this work was in progress an important modification 
of this second source has been described by Goucher.® 

The results obtained by these observers with the two forms of apparatus 
differ greatly, and it seemed desirable to find the reason for this dis- 
crepancy by employing both methods of liberating the electrons and 
using an apparatus in which the important quantities could be varied at 
will. ; 

The object in view in finding the ionizing potential of a simple com- 
pound, the ionizing potential of whose components are known, was, first, 
to determine whether the ionizing potential is an atomic property and 
not dependent on the molecular combination; and second, if this first 
proved to be the case, to open the possibility of determining the ionizing 
potentials of some substances, which in their simple uncombined state 
do not lend themselves easily to this direct method of determination. 
Naturally the method would still be applicable only to substances in 
which the unknown component ionized at the lower potential. 

Apparatus and Method.—The method is essentially that described by 
Franck and Hertz, Pawlow, and Goucher in which plate electrodes are 
used. 


1P, Lenard, Ann d. Phys. (4), 8, 149, 1902. 

2H. Dember, Ann d. Phys. (4), 30, 137, 1909. 

30. V. Baeyer, Verh d. D. Phys. Ges., 10, 96, 1908. 

4Franck and Hertz, Deutsch. Phys. Ges., Vol. 15, p. 34, 1913. 
5 Pawlow, Proc. Roy. Soc., Vol. 90, p. 390, 1914. 

6 Goucher, Puys. REv., Vol. 8, p. 561, 1916. 
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The diagram of Fig. 1 shows the apparatus drawn to scale. A is a hot 
wire source of electrons which could be readily changed, B a gauze to 
which an accelerating potential is applied, and C a receiving electrode 
made of oxidized brass which was found to be insensitive photo-electri- 
cally. B is attached to a metal cylinder E and gauze screen F, which 
completely enclose and shield the ionization chamber from any charges 
that may accumulate on the glass walls of the containing vessel. G 
and H are inlet and outlet tubes respectively through which a continuous 
flow of gas is maintained during a set of readings by keeping a diffusion 
pump running at one end and allowing the gas to diffuse through a small 
capillary from a chamber in which the pressure could be suitably regulated 
at will. On either side of the main apparatus were liquid air traps to 
keep mercury vapor and also any vapor from the stopcock grease away 
from the ionization chamber. Immediately beyond the liquid air trap 
on the pump side was a McLeod gauge, and a discharge tube similar to 
the one described by Pawlow in which the pressure could be suitably 
regulated and the purity of the gas tested with a direct vision spectro- 
scope. 

The apparatus in which photo-electrons were used differed from the one 
described in the following particulars, which are indicated in Fig. 1 bA 

















Fig. 1. 


dotted lines. An aluminum plate was substituted for the hot wire A, 
the apparatus contained a side tube L and quartz window M, and opening 
N in the metal cylinder, so that a source of ultra-violet light could be 
focused on the aluminum plate. The cylinder E could be moved by 
means of an iron ring by a magnet placed outside the tube. A fine 
copper wire in the form of a coil was substituted for the rigid contact K. 
This tube contained a metal ring O inserted as shown in Fig. 1 to shield 
the electrode C from scattered ultra-violet light as much as possible. 
Ultra-violet light striking C, with the surrounding metal part E at a 
higher potential, will cause photo-electrons to be given off from C and 
it will be noted that the resultant charging up of the electrometer is the 
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same sign as that due to the ionization we seek to measure. C was made 
of oxidized brass to minimize this effect. Control readings were taken 
with A and B at the potential of B and the positive deflections due to 
this photo-electric effect subtracted from the ionization deflections. The 
object in having the cylinder E movable was to be able to vary the 
distance between A and B through which the electrons were accelerated, 
and to set this distance less than the mean free path of an electron at 
any pressure used. 

Preliminary work in hydrogen made with this apparatus using ultra- 
violet light showed that the form and position of the curve were not 
affected by change of pressure, except when the distance AB was made 
comparatively long and the pressure high enough so that additional 
electrons would be given off due to ionization in the region AB and these 
electrons in turn could acquire energy enough to ionize. This, it will be 
observed, could not affect the form of the curve until the applied accel- 
erating potential was twice the minimum potential required to ionize. 

Since the relative distances had been shown to have no effect on the 
ionizing potential by work with the first form of apparatus, the con- 
struction of the second piece of apparatus, in which the hot cathode was 
used, was considerably simplified. A rigid contact was substituted at 
K for the flexible one previously employed and the iron ring was done 
away with. 

The distance between A and C in each case was 4 cm. and in the hot- 
wire apparatus the distance between A and B was1cm. The cylinder 
E was of brass and also the gauze B, the mesh of which was about I mm. 

The writer wishes here to express his thanks to Mr. A. Greiner, of the 
firm of Green and Bauer, who made both pieces of apparatus. 

The electrometer used was of the Dolezalek type, sensitive to about 
4,000 scale divisions per volt, This could also be used in connection with 
a mica condenser which reduced the sensitiveness in the ratio of 9 to I. 
The electrometer connection was shielded by an earthed metal screen P 
insulated from the lead R by quartz insulators S and S’. Surface leaks 
over the outside of the glass were prevented by an earthed metal foil T 
moistened with a solution of calcium chloride. 

During the process of obtaining an ionization curve the potential of A 
was kept 4 or more volts higher than C, so no electrons from A could 
reach C. The accelerating field AB was varied by varying the potential 
on B by means of storage cells and a potentiometer. Since the retarding 
field between B and C is greater than the accelerating field between A 
and B no deflection of the electrometer will be observed until the electrons 
acquire sufficient energy in the region AB to cause ionization in the region 
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BC. When this potential is reached positive ions are driven to the 
negative electrode C. This potential between A and B at which positive 
ions begin to collect on C is taken as the minimum ionizing potential of 
the gas. If the value of the ionizing potential is sought with extreme 
accuracy corrections must be applied for two reasons as was pointed 
out by Franck and Hertz and by Goucher. There is a drop in potential 
of at least 6/10 volt between the two ends of the wire A due to the heating 
current. Conduction of heat to the leads causes the ends of the wire to 
assume a much lower temperature than the middle. Each of these 
causes tends to make the velocities of the electrons unequal. For a very 
accurate determination of the ionizing potential the equi-potential equi- 
temperature source described by Goucher is undoubtedly superior. This 
form of a source was not used in the present investigation because the 
experiments were well under way before the method was published. 
The accelerating potential recorded throughout this paper is the one 
between B and the lower potential end of A. On account of the initial 
velocity with which the electrons leave the hotter central portion of the 
wire, this voltage more nearly represents the energy of a large fraction 
of the electrons leaving A, and smaller corrections have to be applied 
than if the voltages between B and the positive end of the wire were taken. 
In order to determine the relative number of electrons coming off with 
any particular velocity, electron current readings were taken where a 
potential slightly below the ionizing potential was applied between A 
and B and successive retarding potentials applied between B and C. 
These electron currents were then plotted against the difference between 
accelerating and retarding potentials and this curve was then graphically 
differentiated, and the tangents plotted against the corresponding vol- 
tages of the electron current curve. This gives a velocity distribution 
curve in which the ordinates are proportional to the number of electrons 
coming off with any particular velocity. After a number of electron 
current curves had been taken at any given pressure it was observed that 
these curves had their maximum slope approximately at zero volts; that 
is, when the accelerating potential applied between A and B was equal 
to the retarding potential applied between B and C. Further it was 
observed that the position of maximum slope could be altered by changing 
the heating current. In order to make the correction, which would 
eventually have to be applied to the ionization curve, as small as possible 
the heating current in the hot wire source of electrons was so regulated 
by successive trials that the resulting electron current had its maximum 
slope at zero volts. The value of this maximum tangent was set equal 
to 100. The ordinates at other potentials on this curve represent the 
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number of electrons coming off at these potentials on the same arbitrary 
scale. 

Measurements in Hydrogen.—Hydrogen was prepared electrolytically, 
dried by passing over calcium chloride and phosphorus pentoxide and 
passed over heated copper in an electric furnace to free it from any trace 
of oxygen. The hydrogen then passed through a trap immersed in liquid 
air and into the ionization chamber. 

The author wishes here to express his thanks to Professor Boltwood for 
his suggestions and assistance in the preparation of the different gases 
used. 

With the photo-electric apparatus a break occurred in the curve for 
hydrogen at about 16 volts as shown in Curve (g), Fig. 2, while with the 
hot wire source this break occurred at 11 volts; Curve (a), Fig. 2, being 
typical for this source. Since the electron current from the hot wire was 
much larger than the current from the ultra-violet light source, readings 
were taken with the current from the hot wire very much reduced, and 
in this case curves similar to (g) could be reproduced. A very intense 
ultra-violet light source, moreover, gave curves such as (f), Fig. 2, 
where a break occurred below 16 volts but a sharp bend in the curve 
occurred at about 16 volts. Curves (0) and (c) were taken with inter- 
mediate electron currents. They show ionization beginning at II volts 
and a sharp increase at about 15.7 volts. This fact shows that there is 
a second and more intense type of ionization which begins at this higher 
potential. Goucher and Davis, after being informed of this result, have 
recently confirmed it with their apparatus. 

The lack of complete agreement of this second break in the curve for 
the two sources, 16 volts for one and 15.7 for the other, may be attributed 
to the fact that a considerable correction has to be applied to the curves 
(f) and (g). The electron current curves with the ultra-violet light source 
did not have their maximum slope where the accelerating potential 
between A and B was equal to the retarding potential between B and C, 
but where the accelerating potential AB exceeded BC by several tenths 
of a volt, that is, some of the applied energy was used up in helping the 
electrons out of the plate, so that we may conclude that the two methods 
are in good agreement and that this new second type of ionization in 
hydrogen begins at about 15.7 volts. 

The experiments in which a hot wire source of electrons was used give 
II volts for the ionizing potential of the first type of ionization in hydrogen 
in agreement with the work of other observers. With the ultra-violet 
light source of electrons it is shown that the number of electrons is usually 
not sufficient to permit the ionizing potential of the first type to be 
measured, and in some cases its presence may not even be detected. 
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The pressures in the work on hydrogen varied between .oor mm. and 
.03 mm., and the point at which ionization began seemed entirely inde- 
pendent of the pressure within these limits. 

Nitrogen.—Nitrogen was prepared by heating ammonium chloride and 
sodium nitrite, bubbled through sodium hydroxide solution to remove 
any carbon dioxide formed. It next passed over heated copper and 
heated copper oxide in order to remove oxygen and hydrogen. It was 
dried by passing through calcium chloride and phosphorus pentoxide, 
then passed through a trap immersed in liquid air into the ionization 
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chamber. Curve (a), Fig. 3, is a typical curve for nitrogen, in which 
ionization begins at about 7.5 volts. This curve was taken at a pressure 
of .o12 mm. 

Oxygen.—Oxygen was prepared electrolytically and purified as de- 
scribed for hydrogen, with copper oxide substituted for copper in the 
electric furnace to remove any hydrogen present. Curve (c) is an 
ionization curve for oxygen taken at a pressure of .0o21 mm. The 
apparatus had been previously used for nitrogen and while the main part 
of the ionization starts at about 9 volts, traces of ionization begin before 
this, due probably to small amounts of nitrogen given off from the 
platinum strip, though the strip had been previously heated to only 
slightly below its melting point for several hours with the diffusion pump 
running continually. 

There are certain difficulties connected with work in oxygen not ex- 


perienced in other gases. When pressures of .o1 mm. or above were used 
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no appreciable amount of ionization could be detected even several volts 
above the ionizing potential of oxygen. This is no doubt the same effect 
that Franck and Hertz attribute to charged double layers. By using 
pressures of only a few thousandths of a millimeter this difficulty was 
avoided. So the curves for oxygen were taken under these conditions. 

Mercury Vapor.—Mercury vapor was introduced into the apparatus 
by removing the freezing mixture from the traps and pumping down to 
less than .ooooI mm. as indicated by the gauge, then allowing the mercury 
vapor from the various mercury columns to diffuse back into the appa- 
ratus. 

Franck and Hertz and also Goucher obtained positive electrometer 
deflections at 4.9 volts in mercury vapor, which they interpreted as 
ionization. 

No ionization could be detected in this experiment below about 10 
volts even with electron currents 
much more intense than those em- 
ployed in any of the other gases. 
For this purpose a tungsten wire 
was used instead of the platinum 
strip previously employed. Ioniza- 
tion had definitely started at 10 
volts, but a glance at the corre- 
sponding velocity distribution curve 
(6), Fig. 4, shows that a consider- 
able correction has to be applied 
to allow for the initial speed of 
the electrons leaving the wire. For 
example, the curve shows that the 
number of electrons which have 
a velocity corresponding to (AB 
+ 0.5) volts is 1/5 as large as the 
number having a velocity corresponding to AB volts. If this number 
is sufficient to cause a measurable amount of ionization it would have 
the effect of pushing the curve half a volt in the direction of greater 
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voltage. So we may safely conclude that the bend in the mercury curve 
represents the 10.27 type of ionization and that these experiments 
showed no ionization below this point. This higher value for mercury is 
in agreement with the result recently obtained by Goucher and Davis 
and presented at the New York meeting of the American Physical 
Society on February 17. They showed experimentally that what had 
been considered ionization occurring at 4.9 volts in mercury vapor was 
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really photo-electric effect on the receiving electrode due to radiation 
from the mercury vapor in the tube which was bombarded by electrons 
having a velocity between 4.9 and 10.27 volts. 

In the apparatus used in this experiment the receiving electrode was 
of brass slightly oxidized. This was chosen for the ultra-violet light 
apparatus because it had been tested and found to be very insensitive 
photo-electrically. The same metal was used in the hot-wire apparatus. 
This undoubtedly accounts for the fact that no positive deflection of the 
electrometer occurred below 10.27 volts in mercury vapor as had been 
found by other investigators. Hence it seems fair to assume, since the 
present apparatus is not sensitive to photo-electric effect from radiations 
in the tube, that the results obtained represent true ionization potentials 
in the other gases also. If this is not the case then certainly the radiation 
in these other gases is much more intense than in mercury vapor. 

The ionization produced by electrons in mercury vapor is very much 
more intense than it is in the other gases used, that is, after the ionizing 
potential has been reached a much larger fraction of the collisions result 
in ionization in mercury than in the other gases. This fact doubtless 
explains the results obtained for ionizing potentials by Lenard, who found 
the same value of 11 volts for all the gases tried. Since the mercury 
vapor was not frozen out, and since it has been shown that ultra violet 
light does not give a sufficient supply of electrons for the purpose, no 
ionization was noticed in any case until the ionizing potential for mercury 
was reached, which showed itself because of the relatively large number 
of ions formed in this substance. 

Nitrous Oxide.—The nitrous oxide used was taken from a cylinder of 
nitrous oxide prepared and purified for medical purposes. <A large 
fraction was first allowed to escape from the cylinder and the gas used 
was taken from the middle of the cylinder. 

One of the objects of this experiment was to try a compound, the 
ionizing potentials of both components of which had been measured 
separately with the same apparatus, to see how these values would be 
related to the ionizing potential of the compound. Nitrous oxide seemed 
to lend itself naturally to this purpose. 

The condensation point of this gas being — 92° C., a freezing mixture 
of carbon dioxide snow and acetone having a temperature of — 78.2°C. 
was substituted for the liquid air. Curve (0), Fig. 3, is an ionization 
curve for nitrous oxide. It will be observed that this is almost an exact 
duplicate of the curve for nitrogen which would indicate that the com- 
bination of one atom with another in a compound had no effect on its 
ionizing potential. Ionization was increasing too rapidly by the time 
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the ionizing potential of oxygen was reached to detect any increase in 
the curve at this point due to oxygen. 

Owing to other plans, the investigation had to be terminated before 
more compounds could be investigated. 

The writer wishes here to express his thanks to Professor Zeleny for 
his suggestion of the general field of investigation as well as to Professors 
Bumstead and Taylor for their interest and assistance in the work. 


SUMMARY. 


1. A comparison has been made of the two methods previously used 
for determining the ionization potentials of gases by electrons, and the 
method, where the electrons are liberated by ultra-violet light, is shown 
to give misleading results because the number of electrons set free is too 
small. This explains the discrepancy between the results hitherto 
obtained by this method and those obtained with apparatus where the 
source of electrons was a hot metal surface. 

2. The ionizing potential of several gases has been determined under 
conditions which tend to minimize the photo-electric effect on the re- 
ceiving electrode due to radiations in the tube. Results were obtained 
in good agreement with the accepted values for the following gases: 
Oxygen 9, nitrogen 7.5, hydrogen 11. 

3. In hydrogen in addition to this ionization which begins at 11 volts, 
a second and more intense type was found which ‘begins at about 15.7 
volts. 

4. For mercury vapor no ionization could be detected below 10.27 
volts, which is in agreement with the recent work of Goucher and Davis. 

5. The ionizing potential of nitrous oxide has been measured and found 
to be identical with that of nitrogen. It thus appears that in this case 
at least the ionization potential of nitrogen is not affected by its chemical 
combination in a compound. 


SLOANE LABORATORY, 
YALE UNIVERSITY. 
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INTERNAL RELATIONS IN AUDION-TYPE RADIO 
RECEIVERS. 


By RALPH BowN. 


HE audion-type radio detector consists of an evacuated glass bulb 
containing three electrodes; an electron-emitting hot cathode, 
which is commonly a tungsten filament, a cold metal plate placed near 
the cathode and held at a considerable positive potential with respect 
to it, and, interposed between these two, a grid or lattice of metal wires. 
The device is widely used and is well known as a detector in radio- 
telegraphy or as an amplifier of electrical impulses such as telephonic 
currents. It has been made in various forms and modifications by various 
workers, but without radical departure from the fundamental principle 
of the control of the thermionic current between two electrodes by means 
of the relative electrical potential of a third electrode. A fairly extensive 
literature! has been built up about the use of the audion type detector. 
Many of its peculiarities and operating features have been fully explained, 
but at the same time many of them have not been satisfactorily treated 
and not a few of them have been disposed of with the mere statement 
that they were due to the irregularities of the conduction of electricity 
through gases. The writer has devoted considerable attention to the 
effect of the gas in the ordinary audion type bulb and the object of the 
present paper is to give some of his results and conclusions. The dis- 
cussion is focused particularly upon the interior of the bulb itself and the 
relations therein as distinct from the circuits in which the bulb is used, 
and upon the explanation of such peculiarities and eccentricities of the 
apparatus as may be traced back to the gas. 


THEORY OF OPERATION. 


In the ordinary wireless receiving outfit the circuit used is the one 
diagrammed in Fig. 1. It consists of three parts which have a common 
point at the negative end of the filament. These three circuits are: the 

1 DeForest, Lond. Electr., Vol. 72, p. 285, 1913, or Proc. Inst. Radio Eng., Vol. 2, p. 15, 
1914. Reisz, Eleck. Tech. Zeit., Vol. 34, p. 1359, 1913, or Lond. Electr. Vol. 72, p. 726, 1913. 
Armstrong, Proc. Inst. Radio Eng., Vol. 3, p. 215, 1915, or Lond. Electr., Vol. 74, p. 798, 1916. 
Langmuir, Proc. Inst. Radio Eng., Vol. 3, p. 261, 1915, or General Electric Review, Vol. 18, 
P. 327, 1915. 
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filament with its heating battery and regulating rheostat; the plate, in 
series with the telephone receivers and the high tension adjustable battery; 
and the grid in series with its blocking condenser, B.C., and the tuned 
oscillating circuit coupled to the antenna. 

It has been found that the current of electrons from the hot filament 
to the plate depends upon the electrostatic potential of the grid in the 
manner shown by the curve in Fig. 1, and on this as a basis the operation 
of the device as a detector of high frequency oscillations has been com- 
monly explained in the following manner: Due to the unilateral conduc- 
tivity between the hot cathode and a cold electrode, the incoming oscil- 
lations are rectified between the grid and the filament and accumulate a 
negative charge on the grid and the connected plate of the blocking con- 
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Fig. 1. 
Ordinary audion radio receiver. 


F, filament. G, grid. P, plate. B.C., blocking condenser. TJ, telephone receivers. a, b, 
operating curve. 


denser. This decrease of thegrid potential causes acorresponding decrease 
in the plate current, as indicated by the curve. The dying out of the oscil- 
lations allows the charge on the grid to leak off through the gas and the 
plate current reassumes its normal value. This function takes place for 
every wave train of the damped oscillations and when they occur in rapid 
sequence, as from a musical spark transmitter, a musical tone is produced 
in the telephone receivers by the changes in the plate current. Oftentimes 
the blocking condenser is left out of the circuit and a metallic connection 
exists between the grid and filament through the tuning coil. A differ- 
ent explanation has been used for such a connection. The grid potential 
is supposed to be maintained normally at a point on one of the bends of 
the curve such as at (a) or (6). Then as the grid potential alternates 
back and forth about this mean value, due to the incoming signals, the 
resulting plate current changes, on account of the asymmetry of the curve, 
are not symmetrically alternating about the normal value but have a 
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direct current component. Thus each wave train produces a unidirec- 
tional impulse in the telephones and the rapid succession of them gives 
the musical tone. 

The adjustment of a bulb to procure the best results requires careful 
manipulation of the plate voltage and the filament current. Placing it 
in a regular receiving circuit, setting for the best operating condition on 
actual signals, and then transferring it to a test circuit where the ad- 
justments could be duplicated and the data for the characteristic curves 
taken, proved to be unsatisfactory, because the adjustment is quite 
delicate and can only be correctly made when listening to the signals in 
the telephones. Therefore, an artificial circuit was built up as in Fig. 2. 
The filament and plate circuits, except for the addition of a voltmeter 
and ammeter, were identical with those in Fig. 1. In the grid circuit 
were placed, an ammeter, a potentiometer with switches to cut it in and 
out and a voltmeter to measure the setting, a blocking condenser (B.C.) 
with a short-circuiting switch, and a tuned oscillating circuit, also with a 
short-circuiting switch, for receiving signals from the buzzer and auto- 


matic telegraph sender in the artificial 
Tuned 











antenna circuit to which it was coupled Circuits. i 
and tuned. With this arrangement a 
detector could be adjusted to the best Kl ac a 

: +4: : , Auto-Sender. 
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either with the potentiometer cut out 
and the blocking condenser in or vice 
versa. Then, with the blocking con- 
denser short-circuited, the potentiometer 
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desired, the curves of grid potential Mt 
against plate current and grid current 

could be observed. After taking the Fig. 2. 

data, or during the process, it was merely Test circuit. 

necessary to throw the switches in order 

to check back and see that the adjustment as a detector had not 
changed. Curves for any other condition than that of best operation 
could also be taken with equal ease. 

The observations made are here represented partly by the accompany- 
ing curves and partly by statements in the text. They show the truth 
of the ordinary explanation of the audion working with a blocking con- 
denser, throw some new light on the operation without the blocking con- 
denser and furnish a basis for a theory of the internal relations in the bulb. 
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In the curves (Figs. 3, 4, 5, 6, 8), values of current above the zero current 
line mean negative electrons flowing to the cold electrode in question 
(t. e., grid or plate) while values below the zero current line mean positive 
ions flowing to the cold electrode. The potential of the common point 
at the negative end of the filament is assumed as zero and the grid and 
the plate voltages are measured from it. The upper curves show the rela- 
tion between grid potential and grid current and the lower curves show 
the simultaneous relation between grid potential and plate current. The 
voltages labeled on the curves refer to the plate. The real key to under- 
standing the action of the audion lies not in the plate current curve but 
in the grid current curve and upon it the following explanations are 
largely based. The characteristic relations for two points of best ad- 
justment as a detector are given in Fig. 3. That Fig. 3 is really a typical 
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case and that remarks made about it will apply to any similar detector 
may be seen by comparison with Fig. 4 which is a composite plot of com- 
parable curves taken at random from a large number of audion type 
detectors of many different makes and shapes, including some experi- 
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mental bulbs of exceptional dimensions. Although the curves of Fig. 4 
do not lie so close together that they may be said to superimpose, never- 
theless, they are all of similar shape and character and in the light of 
remarks to follow will be seen to be governed by the same considerations. 

It is apparent from Fig. 3 that positive ions exist in the bulb and that 
some of them are drawn to the grid, since the grid current crosses and 
goes below the zero current line. When a blocking condenser is inserted 
in the grid circuit no current can flow through it and so the grid must 
assume the potential at which the grid current becomes zero. The squares 
on the plate current curves indicate the measured values when the block- 
ing condenser was in, and, on comparison with the grid current at the 
same ordinates, will be seen to substantiate the above statement. When 
a group of voltage oscillations is impressed on the grid, the negative ions 
collected by it on the positive half waves far outnumber the positive ions 
collected on the negative half waves. The grid acquires a preponderance 
of negative charges, assumes a more negative potential, backing off to 
the left on its curve and at the same time causing a reduction in the plate 
current. When the group of oscillations has passed, the grid is left at a 
potential where it is drawing a positive charge, which neutralizes the 
former condition. The grid potential moves back to the position of zero 
current, thereby allowing the plate current to increase to normal. The 
curves show in detail just how this action takes place. 

The author has never been able to make an audion work at all well 
on the lower bend of the plate current curve and so has eliminated this 
from consideration. It was found, however, that good operation without 
the blocking condenser could be had not only on the upper bend but in 
the straight portion of the curve as well. In fact, in many cases a de- 
tector would operate equally well on the straight part of the curve ir- 
respective of whether or not a blocking condenser was used and occasion- 
ally better without. The explanation of these conditions required some- 
thing more than reference to the curvature of the plate current curve. 
The required factor proved to be the curvature of the grid current curve. 
Take for example the 30.4 volt curve in Fig. 3 or the 39 volt curve in 
Fig. 5. With no blocking condenser the grid will normally be at zero 
potential. Now if an oscillation be impressed on it, a large grid current 
tends to flow on the positive half waves of grid voltage and 
a much smaller current on the negative half waves. The voltage 
of the positive half waves is largely used up in resistance and 
reactance drop trying to force a large current through the tuning 
coil, while the negative half waves, being almost unburdened with 
current changes, are free to vary the potential of the grid. The integrated 
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effect is to cause the average grid potential during a group of oscillations 
to be negative and the plate current to undergo a reduction of the same 
sort as occurs when the blocking condenser is used. The best operation 
will be realized when the grid potential is normally at a point of most 
advantageous curvature in the grid current curve and a battery in the 
grid circuit may be of assistance in obtaining this condition. The point 
of most advantageous curvature is, roughly, the point where the ratio 
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of the current changes produced by equal and opposite potential changes, 
is a maximum. This is not necessarily the place where the second 
derivative of the curve is a maximum, nor yet is it exactly the same point 
for signals of different intensities, because the potential changes produced 
by signals are finite and variable. Furthermore, the resistance and 
inductance of the tuning coil and the amount of energy the circuit receives 
from an incoming signal are factors which affect the relative voltage and 
current variations. On account of this complexity in the relations 
neither judgment by inspection nor mathematical analysis of the curves 
is very helpful in determining just where the best point lies. The tests 
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indicate that it generally lies quite near the place where the grid current 
curve just starts to rise upward from the horizontal. Considering the 
curvature of the plate current curve at the upper bend as an explanation 
of the operation without a blocking condenser, it is true that a signal 
produces a reduction in the plate current of the same nature as, according 
to the above explanation, is produced by the action of the grid current 
and that the two effects act together for the same result. Two experi- 
mental facts lead to the conclusion that the bend in the plate current 
curve is a very minor factor. The first is that the operation is not de- 
pendent on this bend but may occur just as satisfactorily on the straight 
portions of the curve. The second is that the best point is found to be 
linked with the grid current bend in the manner explained above. For 
example, in Fig. 5 the triangular points are the ones of best operation 
without the blocking condenser. They occur just where the grid cur- 
rents start to rise and are at the same time well below the knees of the 
plate current curves. When receiving loud signals it was very noticeable 
that the microammeter in the grid circuit received an impulse with each 
dot or dash, in the direction which showed a large momentary excess of 
negative ions flowing to the grid. 

Knowing that in the average case the detector is working on the straight 
portion of the plate current curve and that, therefore, this will only be 
of importance as it may undergo slight changes of slope, we may now look 
at the shape of the grid current curve as affected by plate voltage and 
filament current. We will consider for the present only the facts, leaving 
the reasons for later discussion. From Fig. 5 it will be seen that an in- 
crease in the plate voltage at constant filament current has the general 
effect of shifting the grid current curve downward and to the right. 
The 20-volt curves (from another bulb) in Fig. 6 show that an increase 
of filament current at constant plate voltage has an opposite effect, the 
curve is raised and moved to the left. In order to locate the bend in the 
grid current curve at the proper position these two variables must be 
correspondingly adjusted. Since they work in opposite directions, an 
increase in one is partly compensated by an increase in the other and 
vice versa. Thus it is often observed that by raising both plate voltage 
and filament current several satisfactory adjustments can be found, 
although one of them will usually be most sensitive. The reasons for 
the behavior of the curves may be derived from the ionization phenomena 
occurring in the bulb. 

ACTION OF THE GAS. 

Langmuir! has shown that in the absence of any gas the current of 
electrons which flows from an electron-emitting cathode to a second elec- 
1 Langmuir, Puys. REv., Sec. Ser., Vol. II., p. 450, 1913. 
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trode as anode is a function of the geometry of the system and the voltage 
between the electrodes and is independent of the rate of emission as long 
as the saturation current is not reached. He has given curves very similar 
in appearance to those of Fig. 7 to illustrate the phenomenon, which is 
explained as being due to the “ space 
charge.”’ The explanation is briefly 
eae as follows: The emission from a fila- 
ment is governed by its composition, 
its superficial area and its tempera- 
ture, according to Richardson’s well- 
known law.' As the filament temper- 
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such an extent that the electric field 
gradient at the surface of the cathode is reduced to zero or nearly so. 
The negative space charge thus prevents further increase of the anode 
current no matter how much the emission may be increased. Now the 
audion is dissimilar to the ideal two-electrode system of Langmuir in two 
respects; the electric field is greatly modified by the interposition of the 
grid member and there is the presence of ionizable gas. 

Since the grid is always near zero potential, the electric field between 
it and the filament is of very low intensity and, on account of the drop of 
potential along the filament produced by the heating current, the field 
gradient out to the grid becomes increasingly negative toward the positive 
end of the filament. Assuming the absence of any gas, the plate would 
thus be restrained from attracting many electrons by the screening 
action of the grid, for even though the plate is able to extend its influence 
well down between the grid bars, the influence is so weak as to be neutral- 
ized by a very small space charge of electrons unless the grid is very coarse 
or very high plate voltages are used. It will now be shown how the 
introduction of gas and the consequent formation of positive ions tends, 
in a certain sense, to nullify the effect of the grid. Some of the ions may 
be formed near the filament by collision of positive ions with gas molecules 
or perhaps spontaneously due to the high temperature of the gas near the 


1 Richardson, The Emission of Electricity from Hot Bodies, Chapters I. and III. 
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hot surface, but the great majority of them are produced by collision of 
electrons with gas molecules in the region between the grid and the plate, 
for there the electrons attain the greatest speeds. Irrespective of where 
the positive ions come into being, they are drawn toward the grid as the 
place of lowest potential. Those outside the grid on being drawn toward 
it either strike it and are absorbed or shoot between the bars and bombard 
the filament, or, being deflected by collisions, join the number inside the 
grid which are more slowly drifting to it under the influence of the weaker 
field. There is then, diffusing about inside the grid, an intimate mixture 
of positive and negative ions, the presence of both kinds of ions greatly 
reducing any effect which may be due to the space charge of one of them. 
For this reason the number of electrons which the electric field of the 
plate can attract through the grid is greatly increased over the number 
which can be attracted when only negative ions are present and their 
space charge is fully effective. The grid and the positive ions have, then, 
for a steady state, partly offset each other, as is shown by the magnitude 
of the plate current and by the previously mentioned similarity of the 
curves in Fig. 7, for an audion, to the comparable curves when the grid 
and gas are lacking. However, since in the ordinary range the amount 
of ionization is practically invariant with regard to changes in the grid 
potential, variations in the potential of this member will still have their 
full effect in modifying the electric field and consequently the plate 
current. The characteristic curves of plate current and grid current 
against grid potential can now be accounted for. 

Plate Current Curve-—The plate current varies, within limits, directly 
with the grid potential because the grid potential (other things remaining 
constant) determines the electric field inside the grid and, therefore, the 
number of electrons which are drawn out between the grid bars to the 
plate. 

Grid Current Curve.—Since the grid is normally negative all along with 
respect to its adjacent filament, the electric field is opposed to its absorb- 
ing electrons and it takes on very few. The positive ions are, on the other 
hand, attracted to it all along its length, and, as the curves show, it gets 
the saturation current of them. Changing the grid potential from 
negative to positive causes part of the grid to begin attracting electrons 
and the large supply of them allows it to attract a great many. Thus 
the grid current curve has a small, nearly constant value below the zero 
line for negative grid potentials and rises sharply in the neighborhood of 
zero potential as the attraction of electrons begins. The location of the 
bend and the absolute values of the grid current ordinates are determined 
by the filament current and the plate potential, and also, as will be shown 
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later, by the shape of the electrodes and by the nature and pressure of 
the gas. Their influence is exercised through their effect on the body of 
ions between the electrodes. An equality always exists between the rates 
of supply and the rates of removal of both kinds of ions, but the equili- 
brium numbers of the ions present and the actual values of the rates will 
be dependent on the existing physical conditions as controlled by the 
factors mentioned. For low plate voltages very few positive ions are 
formed and the charges collected by the grid and forming the grid current 
may always consist of a preponderance of electrons (see Fig. 6). As the 
plate voltage is raised more positive ions are formed and contribute to 
the grid current, while the increased electric field intensity causes the 
electrons in the neighborhood of the grid to have a greater tendency to 
be drawn between the bars out to the plate and a lesser tendency to strike 
the grid, so that a larger positive potential on the grid is necessary to 
attract many of them. These two things taken together result in a shift 
of the grid current curve downward and to the right. Increase in the 
filament current produces an opposite effect for the reason that it raises 
the available supply of electrons, thereby increasing the tendency for 
them to strike the grid. At the same time it somewhat lowers the 
number of positive ions, because the increased number of electrons which 
come out from the filament and execute a limited, low velocity flight 
inside the grid and back to the filament, is a favorable condition for an 
increased rate of recombination. 

Looking again at Fig. 7, it will be seen that the best operating point on 
the curves is, in every case, just above the knee, as indicated by the 
squares. This fact, taken in conjunction with the foregoing discussion, 
shows that the most sensitive point, the point where the most advantage- 
ous bend in the grid current curve occurs at the zero current value and 
where the optimum relation between the flow of the positive and negative 
ions to the grid is obtained, is identical with the point where the plate 
begins to be unable to draw any more electrons from behind the grid 
even if considerably more of them are supplied. For higher filament 
temperatures an excess of electrons is present and, although most of them 
return to the filament, still, some are forced on the grid even when it is 
at a negative potential, which means that the bend is smoothed out and 
also, perhaps raised above the zero grid current line. For lower temper- 
atures insufficient electrons are present to supply the demand of the plate 
and the electric field near the grid is modified so that the grid cannot easily 
acquire electrons even when slightly positive. The positive ions form 
the prineipal part of the current and the bend occurs less sharply and 
perhaps below the zero current line. Thus, either above or below the 
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optimum temperature of the filament, conditions are less favorable to 
sensitiveness, particularly when the blocking condenser is employed. 
This shows why, in the ordinary use of the audion, the adjustment of the 
filament current is the final and most delicate one. 

The values of plate voltage and filament current necessary for best 
adjustment are dependent on the nature and pressure of the gas and on 
the dimensions of the electrodes, since these things affect the amount of 
ionization and the shape of the electric field. Decreasing gas pressure in 
a bulb requires an increasing plate voltage to bring it up to the best con- 
dition. This is often noticed in a bulb which is used continuously for 
some time. The “clean up”’ of the gas lowers the pressure and the plate 
voltage must be raised from time to time until, finally, either the bulb 
must be discarded or the gas pressure restored by heating up the glass 
walls. The reason is that the decreased production of positive ions, due 
to a reduced number of gas molecules, must be compensated by the 
increase of ionization and the shift of the grid current curve which can 
be caused by a higher plate voltage. All of the writer’s experiments have 
been carried on with the residual gas from the ordinary exhausting ap- 
paratus, in which case the optimum pressure was .005 to .o10 mm. of 
mercury. This gas is no doubt made up principally of nitrogen and 
water vapor with a trace of mercury vapor, oil vapor, etc. Undoubtedly 
changes in the nature of the gas in a tube would have some effect on the 
characteristics of the operating curves since they would be accompanied 
by changes in the ionizing potentials. Although various gases and vapors, 
particularly mercury vapor,' have been tried in audion-type relays by 
different experimenters and with varying success, no data are available 
from consistent tests in which similar conditions of electrodes were main- 
tained for the different gases. In a bulb which contains ionizable gas 
and which is used as a detector, considerable changes in the shape and 
size of the electrodes may be made without appreciable effect on the 
maximum sensitiveness, because the changes are largely neutralized by 
the necessary accompanying alterations in the plate voltage and the 
filament current. This is not true of amplifiers containing very little gas. 
Variations in the sensitiveness are often observed when a magnetic field 
is caused to act on the bulb. These variations are due to the effect of the 
field in shifting the paths of the electrons and thereby modifying the 
operating curves into more or less advantageous shapes, as the case may 
be. Bulbs in which the grid and plate but partly enclose the filament are 
most affected by a magnetic field. 

An abnormal condition is encountered when the plate voltage is raised 


1 Reisz, loc. cit. 
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considerably above the ordinary value. A luminous discharge appears 
in the tube and is seen as a cloud, light blue in color, between the grid 
and plate and sometimes extending around the grid toward the negative 
end of the filament. It is caused by the active and thorough ionization 
of the gas by electron bombardment. The appearance of the blue glow 
is often presaged by a hissing in the telephone receivers similar to the 
hissing of an ordinary electric arc which is running at too high a current 
density. In bulbs where the filament is only partly screened by the grid 
and plate electrodes the glow may, at high voltages, fill the entire tube. 
With such raising of the plate voltage the characteristic curves of an 
audion undergo radical changes as shown typically in Fig. 8. The 
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22.5-volt curves are the normal ones on which good detector action is 
realized either with or without the blocking condenser. On the 25-volt 
curves the bulb can be made to work fairly well without the blocking 
condenser. Between the 25-volt and 33.5-volt curves it is a very poor 
detector though fair as an amplifier, but above 33.5 volts it is practically 
useless as either. The successive curves occupy positions farther and 
farther to the left because the screening action of the grid is reduced by 
the increasing plate voltage. Not only does the number of positive ions 
drawn to the grid become larger as the plate voltage goes up but the 
shape of the grid-current curve, if inverted, shows a peculiar similarity 
to that of the plate-current curve. The two curves are partly interde- 
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pendent at this stage. An increase in the ionization modifies conditions | 
around the grid, as has been previously explained, in such a way as to | 
allow a larger plate current, which, in turn, causes more ionization and 

consequently still more plate current, so that the conditions tend toward | 
instability on account of the “ progressive ionization.” The increasing | 
effect of this phenomenon can be followed in Fig. 8 from the place where | 
it is present but very slightly (25-volt curves) to the place where insta- | 
bility is reached and the changes are critical (37.5-volt curves). Blue | 
glow makes its appearance in the tube at the same voltage at which the 
current becomes critical. In discussions of the audion it has occasionally 
been stated that the great sensitiveness of the device is due to this pro- | 
gressive ionization. The author has found no evidence of such a func- | 
tion in the ordinary range of plate voltages in which successful opera- 
tion as a detector may be realized. Even good working as amplifier in 
the progressive ionization region is doubtful for in spite of the great 
steepness of the plate current curve, the grid current curve is also so 
steep that the power amplification is usually poor. 


SUMMARY. 


Experimental curves are shown from which the details of the operation 
of the audion as a detector in radio telegraphy are followed. A theory 
of the action of the gas in the bulb is presented which explains the curves 
and is in agreement with all the observations. Some of the peculiar 
features of operation as influenced by the nature and pressure of the gas, 
magnetic fields, the circuits employed, etc., are discussed in their relation 
to the theory and the experimental data. 

The writer desires to express his thanks to Professors E, Merritt and 
F. Bedell for their interest and advice. 


PHYSICAL LABORATORY OF CORNELL UNIVERSITY, 
April, 1917. 
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DISTRIBUTION OF POTENTIAL IN A CORONA TUBE. 
By Harry T. Boortn. 


I. INTRODUCTION. 


1. General Characteristics of D.-C. Corona.—The name corona has been 
applied collectively to the conduction phenomena appearing when a 
sufficiently high potential difference is applied to two electrodes (two 
parallel wires, or two coaxial cylinders) separated by a gas. Corona 
appears for both alternating and direct impressed potential differences ; 
for the purpose of our investigation, however, di- 
rect current corona was the more suitable. 

Since a knowledge of the distribution of poten- 
tial between the electrodes will be necessary for 
any fundamental corona theory, an invesfigation 
" —— 1» has been carried out at this laboratory to deter- 

‘ i mine! the field at every point between a wire and a 
1 rH coaxial tube, under various conditions of snpressed 

Fig. a. voltage, pressure, size of wire, and current. It is 

hoped that the data taken will aid in the formu- 
lation of an adequate corona theory. 


























II. MerrtTHOD. 


The distribution of potential between a wire and a coaxial cylinder 
was investigated in the following manner. 

A hole was drilled in the side of a cylinder, and an insulated wire ter- 
minating in a bare spherical tip was arranged so that it could be moved 
radially between the wire and the tube. A micrometer microscope di- 
rected on a fixed point of the movable wire served to determine the 
relative position of the point. An electrostatic voltmeter of small 
capacity was connected in series with the exploring point and the tube. 

When the point was moved to any portion of the radial field, the volt- 
meter quickly showed a constant deflection, indicating that the potential 
of the point was in equilibrium with that of the field at that particular 
place. 

By moving the exploring point from the tube to the wire, observing 
the voltmeter readings at certain intervals, a comparatively accurate 
estimate of the intensity of the field was obtained. 
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III. APPARATUS. 


1. The Corona Tube.—The corona tube as indicated in the accompany- 
ing sketch was 35.5 cm. long and 7 cm. in diameter. The central wire 
was of copper, well polished, and stretched tightly. In all, four wires 
were used, No. 40, No. 32, No. 28 and No. 20 B. & S. gauge. 

The ends of the tube were covered with heavy plate glass, drilled for 
the central wire, and sealed fast with half and half wax. 

Since it was necessary to work at pressures lower than atmospheric, a 
glass tube was sealed over the exploring rod, so arranged with ground 
joints and springs as to allow the point to be moved at will without 
destroying the constant pressure. 

2. Source of Potential.—The source of continuous potentials used in 
this set of investigations consisted of a battery of 40 500 volt, 0.5 ampere, 
shunt-wound, D.-C. generators connected in series. 

These were arranged so that the potential could be varied continuously 
from about 300 volts up to 20,000 volts. Power for the driving motors 
was supplied by a motor generator set equipped with a voltage regulator, 
so that the voltage variation on the 110-volt power line was constant to 
within less than .5 per cent. 

In general, the potential of the high tension line was as constant as 
the accuracy of the work demanded. 

3. Voltmeters—For the measurement of voltages, three voltmeters 
were used, a Kelvin electrostatic voltmeter with three ranges, a Braun 
electrostatic voltmeter, and a General Electric electrometer type volt- 
meter. 

These instruments were calibrated with an attracted disc electrometer, 
equipped with a scale and vernier so that the distance between plates 
could be read to 0.05 mm. The force on the disc was measured by a fine 
balance. 

The Braun voltmeter had a range of 0—3,500 volts, and since it is 
essentially an electroscope, it was almost ideal for use with an exploring 
point. 

The Kelvin instrument had 3 ranges, 0—-5000, 2,000—10,000, and 4,000- 
20,000 volts. 

4. Current Measurements.—Currents between the wire and the tube 
were measured by means of a D’Arsonval galvanometer, used in connec- 
tion with an Ayrton universal shunt. The figure of merit of the galvanom- 
eter was obtained, using standard resistances and a dry cell whose 
E.M.F. had been determined by comparison with a standard cell. 
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TABLE OF CURVES. 






































Wi > 
Figure.) Curve.| B &S Voltage. / Amperes. ore. | 7 Remarks. 
Gauge. fae 
1 1 20 | 12,500 | 9.76.10 | 745 | 25° | Faint glow 
2 20 13,850 6.62.10 745 25° | Good glow 
3 20 15,420 1.6 .10~4 745 25° | Good glow 
+ 20 16,000 1.78.1074 745 | 25° | Good glow 
2| 1 20 1,450 | 3.9 .10-* | 23.5 | 27° | Dull glow 
2 20 2,150 2.31.1074 23.5 | 27° | Bright glow 
3 20 | 2,950 5.58.1074 23.5 | 27° | Brilliant purple glow 
4 20 | 2,150 Electrostatic curve 
| 
3 | 1 | 20 | 10,000 | 9.23.10 | 450 | 27° | 3 oF 4 steady beads 
wire negative 
4/1 28 8,400 | 3.19.10 | 745 | 25° | No apparent glow 
2 28 10,200 2.66.107 745 25° | Faint glow 
3 28 11,500 7.1 .107% 745 25° | Dull glow 
4 28 13,450 1.95.1074 745 25° | Good glow 
5 28 | 14,000 3.73.1074 745 25° | Bright glow 
5 1 28 1,520 4.43.10 19 24° | Good glow 
2 28 1,750 1.35.1074 19 24° | Good glow 
3 28 2,320 3.73.10~4 19 24° | Bright glow 
4 28 2,890 6.92.1074 19 24° | Brilliant glow 
5 28 2,320 Electrostatic curve 
6 1 28 1,800 9.48.10~4 19 24° | About 30 steady beads 
7 1 32 6,510 4.17.1073 747 25° | No glow 
2 32 6,825 1.91.10 747 26° | Distinct glow 
3 32 7,425 1.91 10% 747 26° | Good glow 
4 32 8,400 5.94.107% 747 26° | Good glow 
5 32 9,900 9.54.10 747 26° | Bright glow 
8 1 32 6,825 1.91.107% 747 26° | Distinct glow 
2 32 | 6,825 2.03.1074 241 24° | Bright glow 
3 32 6,825 3.46.10~4 885 24° | Brilliant glow 
4 32 6,825 Electrostatic curve 
9 1 32 5,050 11.79.1073 744 26° | No glow 
2 32 5,650 2.39.107% 744 26° | A few dull beads 
3 32 7,250 3.10.107% 744 26° | Beads 1 cm. apart 
10 1 40 4,520 4.77.1078 740 22° | No glow 
2 40 4,700 1.19.107% 740 22° | Distinct glow 
3 40 6,500 2.26.107% 740 22° | Good glow 
+ 40 8,400 8.29.10 740 22° | Good glow 
5 40 9,900 11.67.1074 740 22° | Brilliant glow 
6 40 8,400 Electrostatic curve 











= DISTRIBUTION OF POTENTIAL IN A CORONA TUBE. 269 


IV. REsULTs. 


1. General Type of Curves.—By the method of exploration already 
described, curves for the distribution of potential between wire and tube 
were taken for No. 40, No. 32, No. 28 and No. 20 copper wires stretched 
along the axes of the tube. These curves were taken for various pressures 
and voltages after the appearance of the corona. Representative curves 
obtained are shown in Figs. 1 to 10, and the conditions under which each 
curve was taken are given in Table I. 

For the No. 40 wire, it was found impossible to obtain curves of the 


Tube - negetwe 





Fig. 1. . Fig. 2. 


potential distribution when the wire was negative; for a given position 
of the exploring point the readings of the voltmeter were not constant. 
The beads appearing when the wire is negative were seldom at rest, and 
this would lead to the conclusion that each movement of the beads is 
accompanied by a change in the field surrounding the wire. 

For No. 32 wire, when the wire was negative, two curves shown in Fig. 9 


Tube - positive 





Fig. 3. Fig. 4. 


were taken before the corona appeared, also a portion of a curve for a 

voltage at which there was a distinct series of beads along the wire. 
Curves were also obtained for No. 28 and No. 20 wire when the wires 

were negative, the same general characteristics being exhibited in each. 
3. Discussion of Curves.—The corona discharge in general is divided 
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into two classes, according as (1) the wire is positive, and (2) the wire is 
negative. 
The first case, when the wire is positive, is characterized by a uniform 
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Fig. 5. Fig. 6. 


purplish glow around the wire. The second case, however, differs in 
appearance. When the potential is sufficiently high, small tufted beads 
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Fig. 7. Fig. 8. 


appear on the negative wire, and are at rest only under exceptional 
conditions. 
Curves are shown for both positive and negative wires. Let us con- 
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Fig. 9. Fig. 10. 


sider the appearance of the potential distribution curves when the wire 


is positive. 











DISTRIBUTION OF POTENTIAL IN A CORONA TUBE. 271 


1. The Positive Wire. 


In general, the space between the anode and the cathode may be broken 
up into four regions. 

1. A region immediately surrounding the wire, which is characterized 
by a very large potential gradient. This may be due to the excess of 
the number of ions or electrons approaching the electrode over the 
number of those leaving, since the former number includes ions generated 
at all parts of the field, whereas the latter contain only ions that are 
generated in the narrow layer close to the wire. Thus we can see that 
the charges on the excess of negative ions near the wire disturb the electric 
field so that the potential difference per centimeter, or the gradient, is 
large near the surface of the wire. 

2. A region of approximately constant force extending from the 
“surface layer’ region adjacent to the wire, to a point which varies 
with the pressure, current, and voltage. At the higher voltages, the 
actual potential at a given point in this region is greater than the the- 
oretical electrostatic potential, and the tangent to the curve may be 
either greater or less. Figs. 2 and 5 show the electrostatic curve (dotted), 
in comparison with actual curves taken. 

3. A region of little or no force near the tube. In passing from II. to 
III. the number of positive ions increases (since they are generated in all 
the space between the wire and region III.), and their charges oppose 
those on the negative ions to such a degree that not only the negative 
charges on the ions, but also the electrostatic forces due to the con- 
figuration of the system are neutralized. 

4. A region close to the tube, corresponding to the “ surface layer ” 
contiguous to the wire. In this space, positive charges accumulated at 
all the remaining parts of the radial field are predominant, and three is 
an abrupt cathode drop at the surface of the tube. 


‘ 


2. Wire Negative. 


When the wire is negative and corona appears, a potential curve is 
obtained which differs somewhat from the positive curves. Large 
cathode and anode drops appear, and the intervening space has a very 
small field. Reasoning similar to that explaining the shape of the curves 
when the wire is positive explains the negative curves. 

So in general, the anode and cathode drops of potential are predominant 
in both types of curves. There are several reasons for this, namely: 

1. Polarization potential between a metal and a gas. 
2. Accumulation of ions. 
3. Reflection of ions. 
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4. Different velocities of positive and negative ions. 
5. A non-uniform field. 


The Potential Curves from a Theoretical Point of View. 

1. The starting point of the corona. 
We have Peeks empirical formula for the starting intensity, 

B 
VR?" 
where £; is the force at the surface of the wire of radius R; and Ey and 
8 are constants. 

From the general electrostatic theory, at the moment when the corona 
discharge is starting, just before the field has been disturbed by the moving 
charges, 





Ey = Ey(1 + (1) 


iad Pan Ta (2) 
R log — 
1 Ri 
Therefore at the instant when the corona starts 
Vi — V. 
Ba( + Fe) ad 
1 enasine 
R, log R, 
or 
Vi — V: I 
go (4) 


Ri + BYR pg log 3? 
1 


which resembles the general formula for the electric force between two 
concentric cylinders, 


-V 
Y log — 
Ri 


Hence, when r = R; + BYR, 
E = Eo. 
2. Calculation of the volume density of electrification in the space 
between the two concentric cylinders. 
For a system where the potential at a point is due to moving charges 
as well as static charges, we have Poisson’s equation expressing the 
density in terms of the potential, 


VV = — 4m, (6) 
or, writing it in cylindrical codrdinates, 
@V r10V t8V~ &V 


oF tr ort Bag t ag ~~ 47 ” 
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For this particular case, the derivatives in z and € are zero, so rewriting 
the above equation, using total derivatives, 


ev 1dV_ 
dr* + r dr 47? (8) 





Since the density is an undetermined function of the radius, the equa- 
tion cannot be integrated directly. If, however, we plot the potential 
against the distance from the axis, a graphical method will aid in the 
determination of the density. That is, if the first derivative of the 
potential is determined from the curve for a series of values of r, these 
new values may be plotted against the radius again. By repeating this 
process with the derived curve, a relation between the second space 
derivative and the radius is obtained. From these two derived curves, 
then, the density may be computed according to equation (8). 

Fig. 11 is a repetition of Curve 4, Fig. 1, and Fig. 12 shows the density 
as computed for the different values of r. 

The density curve shows what we have deduced intuitively in regard 
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to the charges necessary to produce the observed distortion of the field. 
The large resultant negative charge near the positive wire and the positive 
charge near the negative tube should be expected. A peculiar maximum 
appears at about 2.7 cm. from the wire (Fig. £2). 


4. Sources of Error. 


1. Potential assumed by a sphere in an ionized gas. 

It is difficult to draw conclusions as to the absolute potential of a sphere 
in a conducting gas, since it is very likely that the potential at an undis- 
turbed point in a gas is not the same as the potential assumed by a sphere 
when its center is at this point. 

In the case of a sphere near the positive electrode, its potential being 
initially the same as that of the gas, two streams of ions move in opposite 
directions past the side of the sphere, one containing a large number of 
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negative ions, and the other a smaller number of positive ions. It 
intercepts more negative ions than positive, so that its potential falls 
below that of the surrounding gas. The charge thus acquired by the 
sphere increases until the effect which it produces in attracting positive 
and repelling negative ions causes them to come in contact with the 
sphere in equal numbers. The final value of the potential assumed by 
the sphere is too high by an amount which depends upon the relative 
velocities of the positive and negative ions. 

Conversely, when the exploring sphere is close to the negative electrode, 
there are a greater number of positive ions intercepted than negative ions, 
so that the potential of the sphere rises above the potential of the undis- 
turbed gas, until finally an equilibrium is reached, the number of positive 
charges acquired by the sphere being equal to the number of negative 
charges. Thus the potential assumed by the sphere is greater than that 
of the undisturbed gas. 

If, however, the velocity of the positive ions is approximately equal 
to that of the negative ions, then the exploring point should attain very 
nearly the same potential as that of the surrounding gas. For the 
pressures used in this series of experiments, the velocities of the ions are 
nearly the same. Thus the error introduced could not have been very 
great. 

A slight error might be introduced if there was an appreciable voltmeter 
leakage between the point and the power line. The shape of the point 
also affects the shape of the potential curve to a small degree. The volt- 
meters used were practically free from leakage, and the work was done 
during cold, dry weather, so the error introduced from this cause is neg- 
ligible. 

An attempt is being made to formulate the mathematical theory of the 
corona discharge, and it is hoped that these potential curves will aid in the 
solution of the problem. 

Summary.—The distribution of potential between the electrodes of a 
corona tube was determined for four sizes of wire, for various pressures 
and potential differences. From these curves the density of the charge 
along the radius was derived by means of graphical methods. 

In conclusion, I wish to express my appreciation of the suggestions and 
advice given by Dr. Jakob Kunz, of this laboratory, and to Mr. J. W. 
Davis and Mr. R. W. Owens for the use of portions of their data on this 
problem. 


Puysics LABORATORY, 
UNIVERSITY OF ILLINOIS, 
May ITI, 1917. 
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THE EFFECT OF STRAIN ON HETEROGENEOUS 
EQUILIBRIUM. 


By E. D. WILLIAMSON. 


OR some time past Mr. Hostetter of this laboratory has been carrying 
on experiments (soon to be published) on the solubility of stressed 
solids, the results of which are so little in accord with the theoretical 
views which are commonly held that a careful scrutiny of the assumptions 
which underlie the various theoretical discussions and of their con- 
sequences seems to be needful. This particular case has not, so far as I 
know, ever been thoroughly discussed from the mathematical side except 
by Gibbs, whose treatment is difficult to follow. Other writers have 
contented themselves with reasoning from analogy and using equations 
derived for other special cases. ‘There seems to be no point in discussing 
all that has been written on the different parts of the problem as two recent 
writers have summarized the bulk of it and a reference to them seems 
all that is necessary. 

Johnston! has discussed the effect of ‘‘ unequal’ pressure on melting 
in three different papers.2, He makes no reference to his premises but 
uses a formula given in slightly different form by Poynting.* According 
to this formula the effect of ‘‘ unequal pressure ” is very great; for ice it 
has twelve times the effect of hydrostatic pressure on both phases. In 
the third paper cited he remarks: ‘“‘ Considerations in every respect 
analogous to the foregoing are applicable to systems of a solid in contact 
with water or other solvent; in such cases, pressure acting in excess on 
the solid phase increases its solubility ’’ and in a footnote adds: ‘‘ The 
amount of this increase of solubility can be computed from equations 
analogous to these applicable to melting points.”’ 

In the present paper we hope to show that while his statements are 
right qualitatively, his quantitative deductions are incorrect owing to the 
inapplicability in his cases of the equation used.‘ 


1J. Johnston, Jour. Am. Chem. Soc., 34, 789, 1912; also J. Johnston and L. H. Adams 
Am. Jour. Sci., 35, 205, 1913; and J. Johnston and P. Niggli, Jour. Geol., 21, 602, 1913. 

2 ‘*Unequal”’ pressure has unfortunately been used in two senses, viz., (1) a difference of the 
hydrostatic pressure on two phases, and (2), a one-sided stress on a solid, and equations derived 
for (1) have been indiscriminately used for both. 

3 J. H. Poynting, Phil. Mag., 5, 12, 32, 1881. 
4 See previous footnote. 
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More recently Bridgman! has deduced a formula of very formidable 
appearance dealing with the change of melting point or transition point 
with stress. He unfortunately also makes no mention of assumptions, 
giving as his reason for this ‘‘ The formulas were derived by ordinary 
thermodynamic methods; it is hardly worth while to reproduce the 
wearisome details.’ As regards the mathematical transformations this 
is true, but we hope to show that several of his terms rest on very shaky 
foundations. Complete references to earlier literature is found in 
these papers and hence no more citations are necessary here. 

From the point of view of the phase rule the introduction of a stress 
on one of the solid phases simply means that a new variable appears in 
the equilibrium .equations. We can therefore have one more phase 
under given conditions or conversely the system has one more degree of 
freedom with a given number of phases. For instance in a one-component 
system the coéxistence of three phases is no longer sufficient for invari- 
ancy; there is a possibility of the presence of four coéxistent phases, say, 
vapor, liquid and two forms of solid. The method of treatment in this 
paper will be on the lines of finding the form of the term containing the 
new variable and the consequent change in the equilibrium equations. 

In view of the laxity in the statement of fundamental hypotheses in 
the papers already referred to it seems wise to deal with a simple case 
first, in order to make perfectly plain whence the differences in existing 
formule arise. As the mere mathemaiical transformations are simple the 
treatment can easily be extended to cover the general case. In this 
paper, therefore, we deal first with the simplest possible case, viz., the 
effect, on the melting point of a solid, of a unidirectional thrust, and the 
extension to more general cases will be briefly referred to. The notation 
used is that of Gibbs except when specially defined otherwise. 

Suppose then that we have a cylinder of solid in contact with its 
melt and that on one end of the cylinder a thrust 7 dynes per cm? acts 
in addition to the hydrostatic pressure p. Let 6° be the temperature. 
It is required to find the relation connecting the changes of , m and 0 
on the assumption that we are dealing with a reversible equilibrium—a 
discussion of the evidence of reversibility is given after the mathematical 
transformations have been dealt with. We also assume that the strain 
throughout the cylinder is uniform. As we need only consider an in- 
finitesimal amount of the solid at the particular surface under discussion 
at the moment, this is not really a limitation. 

Let uw be the energy required to bring unit mass, of the substance 
considered, from a fixed reference state into the system without change 


1P, W. Bridgman, Puys. REv., VII., 215, 1916. 
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of volume of the system, 7. e., without the system doing work against the 
outside forces, the reference state being our arbitrary zero entropy state. 
Then, as Gibbs! showed, yw and the changes in » must be the same for all 
parts of the system so long as a reversible equilibrium state exists. 

Therefore in our case equating the changes in uw for the same change in 
p and 6 for liquid and solid and a change in 7 


Asp), 22 + (3a), 2 ~ (ap)... 0+ (ae), 0" + (36), 


(The left hand subscripts in this expression refer to the phase under con- 
sideration, L for liquid, S for solid.) It is unnecessary to put mass among 
the variables, as uw is evidently independent of the actual mass of the 
substance which is present as solid or liquid. (This would not be true 
for the case of solution, as in this case we have to consider the change of 
concentration in the liquid phase.) To get the required relation it is 
therefore necessary to evaluate the partial differential coefficients for 
each phase. For the liquid we have for any change 

de = 0dn — pdv + udm [e = energy, 7 = entropy] 


“. de — On + pu) = — dO + vdp + pdm 


, Ou\y ) - 7 ; 
oe Pa V, [Vz = spec. vol.] 


3),-- (3) 
r\00), am)», 6 


For the solid, on the other hand, 
de = 0dn — pdv + udm — zAdh 


where A = cross section of, and h = height of, the cylinder. 
Now 


and 


mV, 


v 
A=; h 


where V, = spec. vol. of solid 
.. tAdh = xrmVsd(log h) 
.. de = 0dn — pdv + udm — xrmV,d(log h) 
“. d(e — On + pu + rmVs log h) 
= — 1d0 + vdp + udm + log h(amdV, + mV.dx + 2rV,dm). 
Let dV, = aV.d0 — BV.dp — yV.dr, so that a = (1/V,) (dV,/dé) = 


1 Those familiar with Gibbs will notice that we have slightly extended his use of uw, but 
this does not affect our statements. 
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coeff. of expansion with temperature, and similarly 8 and y are the 
coefficients of compression. 
Put in this value for dV,, collect like terms and the result is 


d(e — 6n + pu + amV, log h) = (axmV, log h — n)dé 
+ (v — BrmV, log h)\dp + (u + rV, log h)dm 
+ (mV, log h — yV,7rm log h)dz 


From this we evaluate the necessary partial differential coefficients, e. g., 


te) te) 
00 (u + wV, log h)«, pm > am (axrmV, log h — n)», a, @ 





whence 
d log h 
AS | a ei Cs >» = 
oe *) 
+anm Ve am Vo n.e 
Similarly 
rs) 0 logh 8 log h 
Ace) a ~ oF, > ) +(1—yx)mV, (SS “J ) 
On DP, 0 D, 0, m Dy, 7,0 
d log h 2 ioe *) 
(° Ae (=). a ™V. Fr ) BrmV, om ™) Py O 


We have now evaluated all the necessary terms for substitution in our 
original equilibrium relation. This gives us 











ov ores (= log h ] 
[ 4=). tai — -< + frm, ) on. - 
Fe atV, 
sa |-ia am ye z...* 3 
) h 
—arnmV, 8 ) | dé 
8 Py Ws 
log h 
= [erv, + (1 — yr)m (2 og “) ]az 
PD, w, O 
Here a/3 has been substituted for 
a *) ‘ 2 tog *) 
: | SS Taom 
— 6/3 for 1/h(dh/dp) and e for — (1/h)(dh/dr) = reciprocal of Young’s 


modulus. 
A number of the terms still need explanation. All the differentiations 
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left are with respect to m with p, m and @ constant, i. e., they are the 
changes which occur when heat is added so as to melt a little of the 
substance under constant conditions. 


~) 7) 
—) — (2 =V,-V 
t\Oml, s\om P, w, 0 - “ 
and 
On 07 r 
- AB), + A20,.=-3 
L\om P, 6 s\Om DP, w, 6 6 


(where \ = the latent heat of the solid under the conditions signified). 
(0 log h/dm) p, », 9 is a term which is different according to the face from 
which the solid melts. Since p, and @ are constant the state of strain 
is constant and therefore the value of the term is zero, unless the substance 
melt from the face which is being thrust and in this case the point of 
application of moves down through the space occupied by the part 
which melts. This gives obviously 
dh dm 
hm 
d(log h) I 
dm = ™m 





Our equilibrium condition therefore reduces to 
(1) at free surface where(d log h/dm) », «, 9 = 0 


[ ve - v5 - ert | ae + [34222] = eve A. 





(2) at thrust surface where (0 log h/dm) », «, 9 = 1/m 
2BrV, A 2arV, 
[ vi — Ve + SE Jap + [- 5- SES] os 


= [erV. + (1 — yx)ViJde B. 


Next we extend these formule and will then discuss the assumption of 
reversibility. 

First consider the values of (06/87) ,, neglecting the terms containing 
the elastic coefficients; a step which is permissible unless for very large 
pressures and in that case we get permanent deformations and our 
equations no longer apply. Case (I) A reduces approximately to 








dé _ en Vsdx work done on unit mass 


fw d ~ latent heat 





Integration gives us log 


6 Vir 
log > —— (approx.)! 


1 This equation was also got by E. Riecke in 1894. Ann. Phys., 54, 731, 1895. 
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It is evident that we can extend this and can state as a general theorem 
that the melting point at the free surface is depressed by any stress by 
an amount dependent on the latent heat and on the work done on unit 
mass. (Cf. Case 4 in the above-mentioned paper by Bridgman.) Case 
(II.) B reduces approximately to 

dé V dr 

nee a 


6 Vir 
.. log  aileaaia (approx.).! 





Therefore at the thrust surface the melting point is depressed by pressure 
but raised by a tension, being now dependent on z and not on 7”. 

The amount also is much larger than that for the free surface. (Cf. 
Bridgman as above.) 

The value of (06/0p), is approximately and, for 7 = 0, exactly that 
given by the Clausius-Clapeyron equation. 

The values of (0/07), differ similarly to the (09/87), values. That 
is to say—suppose we have ice at — 5° C., we know that a certain hydro- 
static pressure will melt it, but if we put a thrust on the ice and then melt 
it with hydrostatic pressure we shall need a much less pressure if the ice 
can melt on the thrust surface but only a very slightly less pressure if 
the melting must take place on the free surface. 


EXTENSION TO SOLUTIONS. 

It is a simple matter to extend our formulz so as to cover the case of 
the solution of a salt in water or other solvent. The only change is the 
addition of an extra term to our equation, as yu in the liquid is a function 
of the concentration, so that we must have a term (du/dm)dm on the 
liquid side. The mass of solvent is supposed constant, as that involves 
no loss of generality. We have now four variables and can therefore 
choose two to be kept constant. 

Consider the case of p and @constant. The general equation reduces to 


re) 
Case I., (A) ih dm = exVidx (appre) 


0 
Case II .,(B) r| se _ dm = Vide leggeen.). 


Where dm is the amount of salt which must be dissolved in a fixed amount 
of the solvent in order to keep the system in equilibrium under the in- 
creased stress on the solid and (du/dm) p, » is the rate of change of uw in 
the liquid for such a change of concentration. 


1 This equation is the one used by Johnston. 
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Now (du/dm) p, 9 is always positive (see Gibbs) and we therefore have 
the theorem that the solubility of a salt is always increased by a small 
amount on the free surface, but that on the thrust surface we get a rel- 
atively large effect, which is positive or negative for a thrust or a tension 
respectively. To get the exact values we evaluate the term ,(0u/dm) p, » 
For dilute solutions, according to Gibbs, it is equal to R@/M X 1/m where 
M = molec. wt. 

For concentrated solutions we can find its value if we have the necessary 
experimental data to get the slope of the solubility curve, with respect 
to temperature or hydrostatic pressure, of the unstressed solid and the 
necessary heat or volume changes. For if the solid be unstressed our 
general equation reduces to 


 ) dm + (V;, — V,)dp = a8, 
Pp, 0 6 


om 


(sr). a/ (ae), 9 (Me — V/ (Fm) 


The denominators are the slopes of the ordinary solubility curves. Here 
V, is not the specific volume of the whole liquid but only of the component 
considered and is therefore got by dividing v (the total volume of the 
solution) by m (the weight of salt in solution), or in other words it is the 
reciprocal of the concentration while \ is not the latent heat but the heat 
of solution of a gram of tHe salt in the saturated solution. 


whence 


DISCUSSION OF ASSUMPTIONS. 


The fundamental assumption made is that of reversibility which is a 
necessary premise to the equality of the potential (u). This assumption 
needs some explicit criticism and justification. 

A physical conception of case A can be got as follows. Suppose that 
a cylinder of the solid is clamped between two immovable plates so as to 
give the necessary stress (see Diagram I.). If solution or melting takes 
place round the free surface the conditions will be exactly right as the 
strain will remain constant. If now the action is reversed the solid will 
deposit and the molecular forces are such that the state of the new ma- 
terial will presumably be continuous with the old. Experiments in this 
laboratory with crystals and solution indicate the truth of this. 

The supplementary assumptions for the second case (B) may be dif- 
ferentiated as follows. In Diagram (2) let J represent the initial state, 
A’ the final state in case A and B’ in case B, when a portion of the solid 
melts at constant values of p, z,@. In A’ the cylinder has become thinner 
but not shorter for z, p and @ are constant in the process. In B’, however, 
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the surface of application of the thrust has moved down and work 
mA(ho — h) or xv (where v = volume of part which melted) has been 
done. The question is ‘‘ Has this work been performed reversibly? ” 





Fig. 1. Fig. 2. 


The following obvious objection may be made. The probable course 
of reaction for this case is that a layer of the top surface melts and the 
applied push then descends, merely pushing the liquid out of the way and 
doing no work on the system. If this be so it means that the work 
aA(hy — h) plays no such part as we have supposed in the mathematical 
deductions but is merely dissipated as heat with a consequent lowering 
of the actual amount of heat we have to add to the system from the heat 
reservoir in order to melt a given amount of the solid. This requires an 
alteration in our original equation as tAdl was used for the differential 
work term and d/ must now exclude any distarice moved owing to flowing 
away of the melt and include only the amount of motion necessary to 
produce the state of strain and that momentarily undergone while the 
solid changes to liquid. 

In this case the troublesome term (0 log h/dm),,,,, 0 may be evaluated 
as approximately (V;, — Vs)mVg, and substitution gives us a value for 
d6/dx which is approximately the same as the Clausius-Clapeyron one. 

This would apply strictly if the liquid remained under the push 7 
but in any actual case it is probably pushed out irreversibly, as we have 
suggested, and there is no actual equilibrium of the kind supposed in our 
initial assumptions. We can only hope for a kinetic approximation to 
the formula and cannot test it statically. No exact treatment of such 
problems as that of a weighted wire melting its way through ice or the 
melting of snow under the runners of a sledge is possible, although many 
have been given without any qualification. (Cf. Bridgman’s case 5.) 

Bridgman’s general formula is exactly similar to but more complicated 
than that deduced in case B. It could be very much simplified by leaving 
out the terms dependent on the above-mentioned doubtful hypotheses. 

The following qualitative conclusions can be drawn: 
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I. A stressed solid on contact with a liquid phase containing it is in 
metastable equilibrium as it is unstable with regard to the formation 
of unstressed solid. The phenomena of undercooling and of super- 
saturation however make the state realizable. 

II. Such a stressed solid in this state of metastable equilibrium will 
adjust itself so that the stress is uniform at least over the surface exposed 
to the liquid and in the melting point case the stress on the surface will 
be the maximum stress, as if any part inside was at a greater stress it 
would necessarily melt and readjustment would take place. If a solid 
near its melting point be stressed, therefore, local melting will ensue 
with redistribution of the stress. Exactly how far below its melting point 
such phenomena will take place must remain an open question as we do 
not know exactly how much stress individual grains of a solid may be 
subjected to in operations such as bending. 

In conclusion it is necessary to add that one argument in favor of the 
possibilities of a reversible action even on the thrust surface has been 
suggested to me. Becker and Day' found that growing crystals can 
raise weights in their growth even when perfectly free to grow out side- 
ways. In these cases the molecular forces were apparently such that 
they force the weight upwards in order to deposit material on the surface 
in question. What the course of the action was seems far from clear. 
Dr. Day has suggested to me that the properties of a film of adsorbed 
liquid upon the thrust surface where the growth takes place operate to 
modify the condition assumed. 

The experiments of Hostetter mentioned at the beginning will clear 
up some points and we hope that further experiments now under way will 
produce additional evidence. Until such evidence is forthcoming it is 
not wise to dogmatize about doubtful points. 


SUMMARY. 


Equations have been deduced connecting the changes of the variables 
which determine the equilibrium between a stressed solid and a liquid 
phase. These equations are grouped in two classes A and B; A referring 
to a free surface and B to a thrust surface. The assumptions for case 
A seem justifiable but those for case B seem very doubtful and these are 
the assumptions upon which, without adequate discussion, nearly all 
previous formule have been deduced. 

Experimental evidence is necessary and is being sought. 


GEOPHYSICAL LABORATORY, 
CARNEGIE INSTITUTION, 
WASHINGTON, D. C. 


1G. F. Becker and A. L. Day, Proc. Wash. Acad. Sci., VII., 283, 1905. 
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DEMAGNETIZATION OF IRON. 


By ARTHUR WHITMORE SMITH. 


HE magnetic state of a piece of iron depends not only upon the field 
intensity to which it may be subjected at the moment, but also 
upon the previous magnetic history of the iron. This is especially true 
when the applied magnetic field intensity is small. In making a magnetic 
test of a bar or ring of iron to determine either the B—H induction curve 
or the uw-B permeability curve it is necessary to use some means to 
destroy the effect of previous magnetization. Usually this is done by 
the method of reversals, in which the magnetizing .current is reversed 
many times while at the same time it is gradually reduced to zero. An 
alternating current! is often used for this purpose, but when used to demag- 
netize solid bars it does not produce the desired result, as is shown below. 
It is more effective? to use a direct current reversed by hand not faster 
than one cycle per second while it is slowly reduced, and even then it 
has been found that the iron is not brought to a constant condition until 
after a few hundred reversals of the same value of the current. 

In a former paper’ it is shown that the magnetic flux does not reach its 
full value until several seconds after the reversal of the magnetizing 
current. This is due to eddy currents which circulate in the iron in a 
direction opposite to that of the applied current, and only after sufficient 
time has elapsed to allow these eddy currents to die away will the effective 
magnetic field within the iron reach its full value. It is evident, then, 
that if the magnetizing current is reversed too rapidly there will be very 
little effect upon a considerable (interior) portion of the iron, and the 
demagnetization will be less effective than a few reversals made much 
more slowly. 

The object of the present investigation is to determine the effect of var- 
ious methods of demagnetization on an iron ring. Suppose, for example, 
that it is desired to find the magnetic induction, B, corresponding to a 
given (small) magnetic field intensity, H. If the iron has been previously 
magnetized it will first be necessary to completely demagnetize it. This 
treatment should be complete enough to wipe out every trace of perma- 


1 See Searle, Jour. Inst. Elec. Eng., Vol. 34, p. 61, 1904. 
2 See Burrows, Bull. Bureau of Stand., Vol. 4, p. 205, 1908. 
3 Smith, Puys. REv., Vol. 9, p. 419, 1917. 
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nent or residual magnetization, and leave the iron equally ready to receive 
the new magnetization in either direction. There are thus two questions 
to be answered; first, in what state will a given process of demagnetization 
leave the iron? and second, in what manner will the B—H magnetization 
curve, or the u-B permeability curve, be affected by the method used to 
demagnetize the iron? 

Four different methods of demagnetization were tried. In the first 
alternating current was used. In the second the magnetizing direct 
current was reduced to zero without reversal and no further demagnetiza- 
tion was attempted. In the third method the iron was carefully and 
completely carried through a most thorough process of reversals and one 
that has been considered sufficient to entirely demagnetize the iron. 
In the fourth process the current was reversed fewer times, but with much 
longer intervals between successive reversals. 

To show the effect, or rather the lack of effect, of alternating current 
the iron ring was subjected to a 60-cycle alternating current. The 
initial current was 1.5 amperes, and this was slowly reduced to .o2 
ampere. The maximum previous magnetization was with 1.5 amperes 
of direct current, and the maximum of the alternating current should be 
well above this. If the iron followed this decreasing magnetic field it 
should have very little magnetism left after this ‘“‘ demagnetization.” 
Whether it is demagnetized or not, the ring being a closed magnetic 
circuit gives no external evidence of its condition. 

The hysteresis curve for this ring is shown in Fig. 1. The maximum 
value of H, the magnetic field intensity within the iron, was 13.3 gausses,! 
that is, 13.3 gilberts per centimeter. This corresponds to a current of 
1.5 amperes in the primary winding of the ring. The last application 
of the direct current was + 1.5 amperes and the circuit was then broken, 
leaving the iron at E, Fig. 1, just before using the alternating current. 
Afterwards the same value of the direct current was applied in the reverse 
direction. Had there been no intermediate treatment this reverse field 
would have carried the iron from E to D, thus completing half of the 
hysteresis cycle. The actual deflection of the galvanometer was 109, 
instead of 119, showing that the alternating current did have a little 
effect and had reduced the average residual magnetization from OE to 
OR, Fig. 1. This means that three fourths of the residual magnetization 
was not removed by the alternating current. 

No larger current was used at this time, but after all of the other 
measurements mentioned in this paper had been completed and the ring 


1 This word is used in accordance with the recommendation of the International Electrical 
Congress, Paris, 1900. See The Electrician (London), Vol. 45, p. 822, 1900. Searle, Jour. 
Inst. Elec. Eng., Vol. 34, p. 56, 1904. Wolff, Bull. Bureau of Stand., Vol. 1, p. 49, 1904. 
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had been demagnetized several times by direct current reversals, the 
alternating current was tried again. Demagnetization by gradually 
reducing the alternating current from 1.5 amperes to zero, after the iron 
had been subjected to a direct current of 1.5 amperes, gave practically 
the same result as before. When the iron was magnetized in the opposite 
direction the alternating current removed the same fraction of the residual 
magnetization. This was not the case when the alternating current was 
reduced by withdrawing a pointed copper electrode from a jar of water 
in which was a larger fixed electrode. This arrangement caused a partial 

rectification of the current and gave 
B it a greater demagnetizing effect in 
sill *| one direction than in the opposite. 














F g When the current was reduced by 
| 000 ¢ GIA metallic resistances no asymmetry 
é offs [ was detected. 
o00 3 wife Somewhat better demagnetiza- 
: / tion was obtained by using larger 
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currents. The largest current used 
was 16 amperes, which would cor- 
respond to a maximum field of 200 
gausses within the solenoid without 
the iron. After magnetizing the 
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alt " iron to D, Fig. 1, with a direct field 
a Gauseds of 13.3 gausses this large alternat- 
D ing current, gradually reduced to 
. zero, brought the iron to Z, Fig. 1, 

Fig. 1. and left it with a residual mag- 


Hysteresis curves fora1ing of Swedish petization of 4,000 maxwells per 
tom _Demagnizton by aterm square. centimeter. Computation 
ssened the toca tx lett a £. shows that about ten times this 
current would be required to com- 
pletely demagnetize the iron, but the copper wire used for the magne- 
tizing solenoid would not carry so large a current and it was not tried. 
As is shown later, see Fig. 2, if it were assumed that the iron was com- 
pletely demagnetized, and a B—H curve is determined by the usual method 
of reversals the measured values of B will be too small and the resulting 
curve is not the normal magnetization curve.!. Moreover, there would be 
nothing to indicate that the curve does not truly represent the iron of the 
ring, or that the iron was not properly demagnetized at the beginning. 
When the magnetizing field is reduced from its maximum value to zero 


1See, also, Burrows, Bull. Bureau of Stand., Vol. 4, p. 220, Figs. 4 and 5. 
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without reversal the iron is brought to E, Fig. 1. This would not be 
considered as demagnetization at all, but this point is only a little higher 
than R, where the iron was left by the alternating current. 

In the third method the iron ring was demagnetized by using direct 
current reversed by hand with a mercury commutator at the rate of one 
cycle per second. At the same time the current was slowly reduced from 
1.5 amperes to.05 ampere. Reversing this small current gave a deflection 
of 2 scale divisions for the total height of the small hysteresis curve. 
Applying the full reverse current of — 1.5 amperes, thus carrying the 
iron from the lower tip of the small hysteresis curve, L, Fig. 1, to the lower 
tip, D, of the large hysteresis curve, gave a deflection of 103 divisions. 
This means that the center of the small curve L is at B = 5,000, and 
thus this demagnetization has left two thirds of the residual magnetization 
undisturbed. 

In the above case the current remained at + 1.5 amperes for a few 
minutes before the reversals began. The same process was repeated, 
but the current was allowed to stand reversed at — 1.5 amperes for a 
short time before beginning reversals. The current was slowly reduced, 
as before, and the small hysteresis loop for the last reversal of .05 ampere 
isshownat M. Thus the iron may be left at L or M, depending upon the 
trivial (?) incident of which way the current was flowing when reversals 
began. 

Of course this is readily explained in the light of the former paper! 
on the time lag of magnetization. Owing to eddy currents in the body 
of the iron the interior parts are shielded from the effects of the applied 
current changing at the rate of one cycle per second. 

It therefore seems logical to try the demagnetizing effect of a current 
reversed as slowly as once in ten seconds. The magnetizing current was 
reduced by twelve steps of such magnitudes as to reduce the induction 
by approximately equal amounts. At each step the current was reversed 
once in ten seconds for ten times. Finally the full current was applied, 
and the iron was found to have been very near to the point O, Fig. 1. 
Upon repeating this several times there seemed to be a slight effect in 
favor of the direction of the initial current. The number of reversals 
at each step was then increased to eleven, which meant that the current 
was reduced first while H was negative, next when H was positive, then 
when H was negative, and soon. This left the last small hysteresis loop 
symmetrical about O. With only three reversals at each step the de- 
magnetization was very satisfactory, and with one reversal at each step 
the demagnetization was more nearly complete than in any case where 
the current was reversed as often as once a second. 

1 Smith, Puys. REv., Vol. 9, p. 419, 1917. 
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The mere fact that the iron is at O is not sufficient proof that it is in 
the neutral condition. But if it is not at O it is certain that the iron is 
not demagnetized. And if the iron has been brought to O by many 
reversals of the current it should also be in the neutral state. 

The particular times mentioned here apply to the particular ring em- 
ployed, which had a cross section of 4.9 sq. cm. of iron. When using 
iron of greater section the time effect is proportionately increased, and 
the current should be reversed more slowly. With iron of smaller section 
the same demagnetizing effect can be obtained when the current is re- 
versed more rapidly. 

In view of the fact that the process of demagnetization by reversing 
the current as often as once a second does not actually leave the iron in a 
demagnetized condition, the question arises, what sort of a B—H curve 
would be obtained by the usual method of reversals? And how would this 
curve differ from the B—H curve obtained after the ring has been com- 
pletely demagnetized ? 

In the first place it may be noted that the reversal of the smallest 
current carries the iron around the small hysteresis loop L, Fig. 1, instead 
of the corresponding hysteresis loop at the origin. While the abscissze 
of these two loops are the same, the loop at L is less inclined to the 
H-axis, and therefore the galvanometer deflections will not be the same 
in the two cases. 

Had the magnetic field been simply reduced to zero from its maximum 
previous value, and then carried through the same cycle of values, the 
hysteresis loop for the iron would have been at 7, and the galvanometer 
deflection would be still different. From the deflection alone it is not 
possible to determine which of these three states is being measured. 
Some information, however, may be obtained by applying the full value 
of H, thus carrying the iron from the state in question to D. The cor- 
responding change in B is measured by the galvanometer. 

If the iron, after being carried around the loop 7, is subjected to a 
slightly larger value of H, and again carried around the hysteresis cycle, 
the new loop S will be somewhat below 7, but it will be as high as possible 
and still lie within the larger loop FD, and no amount of reversing the 
current will bring it to O. Larger loops will extend below O as shown by 
PQ. These loops were experimentally determined for this ring. The 
final loop will be FD, and this is the only one which is symmetrical about 
O. 

When the iron has been completely demagnetized and then carried 
through a similar set of magnetizing cycles, starting with the iron at O 
instead of at 7, all of the loops are symmetrical with respect to O, and 
the last loop is FD. 
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To find the effect that the method of demagnetization has upon the 
magnetization curves, these curves were obtained following three different 
methods of demagnetization. In the first the current was reversed at 
one cycle per second while at the same time it was slowly and gradually 
reduced from H = 60 gausses, which was the highest field the iron had 
experienced up to this time. The smallest current was then reversed 
and the corresponding induction change measured by the fluxmeter- 
galvanometer which has been previously described.!. Then the next 
largest current was used, and so on . 
until the maximum current was __ s00 
reached. The results, expressed in 
terms of the u-B permeability curve, 
are shown by Curve L., Fig. 2. 

Again, the iron was magnetized to 
H=60, and the circuit broken. This 
leaves the iron at a point correspond- 
ing to E, Fig. 1. For the sake of 100 
comparison the same set of measure- a 
ments was repeated without any aoe a ae 
further demagnetization of the iron. Fig. 2. 

The results, expressed in the same . Permeability curves. I. After reduc- 
ing the magnetizing field from H = 60 to 
way as before, are shown by Curve H =O by many reversals at one cycle per 
IL., Fig. 2, which, as would be ex- second. II. After breaking the magne- 
pected, lies below curve I. tizing current from H = 90. IIl. After 
‘ ‘ ‘ demagnetization by reversals once in ten 

Finally, the iron was subjected to ..conds. 

a complete demagnetization by re- 

versing the current once in ten seconds while the current was reduced a 
little after each third reversal. Of course this process was long and slow. 
The induction measurements were made in the same manner as for the 
two previous cases, and the results are shown by Curve III., Fig.2._ This 
indicates a higher permeability than Curve I. In fact, there is more 
difference between this slow reversal of the magnetizing current and one 
cycle per second than between the latter and merely reducing the current 
from its maximum value to zero without reversal. 


2500 


2000 


1500 





CONCLUSIONS. 

The proper magnetization curve for a given sample of iron is not ob- 
tained unless the iron has been dompletely demagnetized. Reversals 
of the magnetizing current at the rate of once a second may be too rapid 
for effective demagnetization. 

1 Puys. REv., Vol. 9, p. 415. 
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When preparing to demagnetize a ring of iron, or other magnetic 
circuit, the time required for the magnetic flux to become fully reversed 
should be determined. This is readily done by closing the galvanometer 
key after the reversal of the magnetizing current and noting what interval, 
t, is necessary in order that there shall be no deflection. For complete 
demagnetization the current should not be reversed faster than once in 
2¢ seconds. 

This interval is not constant even for the same ring, but is longer in 
the region of greater permeability. In this region, therefore, the current 
should be reversed more slowly than at higher magnetizations. In every 
case the reversals should be slow enough to allow the flux to reach its 
full value before the next reversal. This rule allows faster reversals at 
the higher magnetizations. 


PHYSICAL LABORATORY, 
UNIVERSITY OF MICHIGAN, 
May ITI, 1917. 
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THE ELECTRICAL CONDUCTIVITY OF SPUTTERED 
FILMS. 


By RosBert W. KING. 


T has been known for a long time that the specific resistance of the very 
thinnest metal films is abnormally high. Two theories have been 
advanced to explain this fact; one by J. J. Thomson? depends upon a 
shortening of the mean free path of the conducting electrons by the surface 
of the film; the other by Swann*® depends upon an assumed granular 
structure of the film and consequent opposition offered to the motion of 
the electrons by the gaps between the grains. 
Swann® has raised one objection to Thomson’s theory. Another has 
developed as a result of the present work. Thomson gives as the ex- 
pression for the mean free path of an electron in a film 


+ashta! *) 
v= 1 (3+ logs , t<i, 


\ being the mean free path for the metal in bulk, and ¢ being the film 
thickness. Evidently )’ varies less rapidly than the first power of ¢; 
and since the specific conductivity, other things being the same, is prob- 
ably proportioned to \,’ we find that the specific conductivity of a film 
should vary less rapidly than the first power of ¢. This, however, is 
certainly very seldom if ever the case. The writer finds this exponent, 
instead of having a value less than unity, to have values ranging between 
10 and 50, and sometimes reaching as high as 200. 

Swann’s theory, on the other hand, seems open to at least two objec- 
tions. First, it is difficult to picture the mechanism by means of which 
in all cases the grains of the film are distributed so as to lie separated from 
one another by gaps of practically uniform width. The natural supposi- 
tion would appear to be (as indeed Swann suggests) that of a more or less 
random distribution, in which certain grains would undoubtedly touch 
some of their neighbors and be quite distantly separated from others. 
When two grains actually touch, it would seem reasonable to suppose 


11. Stone, Puys. REv., 6,1, 1898. Vincent, Ann. de Chin. et de Phys. (7), 19, 494, 1900. 
Longden, Puys. REv., 11, 40, 1900. Patterson, Phil. Mag. 4, 1902. 
2 J. J. Thomson, Cambr. Phil. Proc., 11, 120, 1901. 
3 W. F. G. Swann, Phil. Mag., 28, 467, 1914. 
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that the resistance of their contact is not abnormally high. Second, the 
effect of such gaps between grains, as Swann imagines would, on the 
whole, be to lengthen the mean free path of the electrons above the value 
holding for those in the metal in bulk. This in turn should make the 
resistance of the film more than usually susceptible to the action of a 
transverse magnetic field. Such a susceptibility the writer has however 
failed to find in films of either platinum, gold or silver. 

The following is an attempt to put the supposition of a random dis- 
tribution? of grains into a quantitative form. 
Imagine the points of Fig. 1 to represent the 
centers of the metallic grains. The components 
of all pairs of these points which lie less than 
a certain distance apart have been joined. The 
result is the formation of complicated net-like 
paths over which it will be supposed conduction 
can occur. The problem is to express the total conductivity of these 
paths as a function of the number of particles composing the film. 

Let c represent the conductivity of the film, N the total number of 
grains per unit area, and the smaller number through which conduction 
can occur. Since the m grains which constitute the conducting paths 
must, taking the film as a whole, be practically uniformly distributed, 


we may suppose 
n = cf(N), 


where f(N) is a function which may be expected to decrease slightly in 
value as the conducting paths become greater in number and consequently 
straighter. Now consider the effect of increasing N by the addition dN. 
The fraction cf(N)/N X dN of these particles will on the average evidently 
become conducting particles. But as a result of the addition, other 
particles from among the N — n already upon the film will change over 
to the conducting kind; and it probably is quite safe to assume that the 
number which make this change is proportional to the number added 
cf(N)/N X dN. That is, each particle which, when added, is of the 
conducting kind, will on the average enable four or five or some other 
number p of the N — n particles to change to the conducting class. This 
number p must of course vary some with N; particularly will this be so 
as N gets so large that the grains of the film begin to form more than one 
layer, in which case it will tend toward zero. But we can doubtless say 


1 It might be recalled here that Patterson (I. c.) obtained similar results for platinum and 
silver, and that for bismuth he found the change of resistance to be noticeably less for a film 
than for the metal in bulk. 

2 It should be borne in mind that the distribution of grains cannot be random in the sense 
that a distribution of points might be random, since the grains have an appreciable size. 
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that throughout a certain portion of the development of the film, p will 
remain constant. Then, since 


dn = cdf + fac = (0 + 1) SN, 
we have 
df _ 1, aN 
C Ty _ (p + 1) N’ 
or 


log c + log f = (p + 1) log N + const. 


As pointed out above, the variation of f(V) is likely to be slight in any 
case. Let us suppose it constant. Then 


log c = (p + 1) log N + const., 


which is a relation agreeing very well with experiment. 


EXPERIMENTAL PROCEDURE. 


The vacuum tube in which the sputtering was done presented no note- 
worthy features except that it was provided with a pair of wires, leading 
from the film to the exterior, by means of which the resistance of the film 
could be measured in situ. Each film was approximately I X 1.5 cm. 
and was deposited upon a piece of glass immediately after two dense 
patches of film to serve as contacts had been deposited. Before beginning 
the film, the discharge was run for a period varying from a few minutes 
to half an hour, depending upon the metal used as cathode; and during 
this preliminary discharge the plate of glass was protected by a cover of 
glass. After conditions within the tube appeared to have become steady, 
the discharge was stopped and the cover glass slid away by tilting the tube. 

The deposition of the film was now carried out in small stages. In the 
case of platinum and silver, the interval used was two seconds, while for 
gold one second seemed more suitable. These periods of deposition were 
accurately timed by means of a slowly falling piston, the piston being 
released by the starting of the discharge, and it in turn stopping the 
discharge upon reaching the bottom of its fall. The discharge was ob- 
tained from an induction coil operating on an alternating current, one 
half of each secondary wave being suppressed by a kenetron in series 
with the coil and tube. 

At the end of each interval of deposition, the conductivity of the film 
was tested for or measured. The measurements were carried out by 
noting the current which a known potential difference would send 
through the film and a sensitive galvanometer placed in series. The 
resistance of the galvanometer was enough smaller than that of the films 
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to make correction for it unnecessary. The greatest resistance measured 
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was about 1.4 X 10" ohms. 
The data of Table I. are typical of the values obtained for gold, silver 
and platinum. 
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TABLE I. 
Gold. Silver. | Platinum. 
Time. Conductivity. Time. Conductivity. | Time. | Conductivity. 
31 sec. 3.4.x 10-1 80sec. | 7.1 10-1 t $0 ccc. 2.2x 10-0 2 
32 4.61079 84 9.61071 14 8.9107 
33 4.21078 88 1.810-° 18 12.2107? 
34 3.91077 92 1.6 10-8 22 10.3 x 10-8 
35 2.91075 96 1.61077 26 6.41077 
37 2.71075 100 1.1 10-6 30 2.11076 
39 4.8107 104 3.41075 34 | 3.91076 
Al 5.710% | 

















The accompanying curves, with the exception of Fig. 6 show to what 
extent films of platinum, gold and silver agree with the relation given 


above.' 


The films of platinum giving the curves of Fig. 2 were sputtered 
in a large bell-jar having about three times the capacity of the vacuum 
tube used in making all the other films. 
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Curves for platinum obtained by sputtering in a large bel!-jar. 


nearly as could be judged the same. 


It is evident from the curves that p stays constant for a greater range 


1In plotting these curves it has been assumed that N is proportional to the time of sput- 
tering. 


Otherwise conditions were as 
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of values of the conductivity in the cases of platinum and gold than in 
the case of silver. However, the deviations of the curves for silver may 
be partly due to the difficulty experienced in keeping the conditions 
within the tube constant when using a silver cathode. 

Computing the range of values of N throughout which p remains con- 
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Fig. 3. 


Curves for platinum obtained by sputtering in a small bell-jar. 








stant brings to light peculiar differences. Table II. gives average values 
of the ratio At/to, ts being the time during which deposition must occur 
in order that the film just show a measurable conductivity, and At the 
time from the beginning of conduction to the end of the straight portion 
of the curves. The corresponding values of p are also given. 











TABLE II. 
— Meal. | —— Atite a eee oe 
ne 0.35 | 45 
on | 2.40 7 
ae ea 0.26 | 60 


Pi Levis ceieweeieniancnees 0.32 | 40 





The variations of p and At/tg among the various films are probably due 
to different degrees of regularity of arrangement of the grains. If for 
some reason the arrangement in a given film is very regular, it would be 
likely to cause a large value of p and small value of At/t). This point as 
well as a possible explanation of the difference between platinum I. and 
II. will be returned to presently. 

The lowest point on each of the curves for gold does not have much sig- 
nificance. Gold films, when they first begin to conduct, seem to undergo 
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a rapid growth of conductivity without the addition of any metal. For 
example, the film from which Curve 5 was plotted, when first observed 
after 31 seconds deposition, had a conductivity so small as to be scarcely 
measurable. At the end of about a minute, this had increased over a 
hundred-fold to the value plotted, and even then was increasing slowly. 
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Fig. 4. Fig. 5. 
Curves for gold. Curves for silver. 


This spontaneous increase, however, rarely if ever put in an appearance 
after the next addition of metal. Neither platinum nor silver showed 
ageing to a detectable extent, although it is likely they would have done 
so had the time of observation been lengthened sufficiently. 

No effort has been made to measure the actual thicknesses of the various 
films. Certain limits can however be set with a fair degree of accuracy. 
The films of platinum at the conclusion of deposition were still so thin 
that, when looked at through the glass slide, they appeared as dark patches 
on a bright background, this being due to the fact that the reflecting 
power of the surface between glass and film was less than that between 
glass and air. The gold and silver films were thick enough to make 
their reflecting powers on the glass slide about equal to that of a clean 
glass surface. From these facts, and making allowance roughly for the 
variation of optical constants with film thickness,! it is probably safe to 
conclude that the final thicknesses lie between 6 and 10, the platinum 
films being somewhat the thinnest. 

These values of the thickness give a rough indication of the average 
size of the particles for the different metals. As mentioned above, gold 

1W. Planck, Phys. Zs., 15, 563, 1914. B. Pogany, Phys. Zs., 15, 688, 1914. 
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and silver films did not as a rule show any conductivity until about three 
fourths of the final amount of metal had been deposited. Platinum 
films (II.), on the other hand, began to conduct after about one third of 
the final amount of metal had been deposited. We may therefore say 
that a platinum film, in order to just show conduction, must have an 
average thickness between 1.5 and 3 wu, while gold and silver films have 
an average thickness between 6 and 8 wu. Doubtless the average sizes 
of the particles for the differet metals are considerably in excess of these 
thicknesses. 

Direct evidence as to the existence of these particles has been ob- 
tained. Various investigators have examined films microscopically, but 
with the exception of Houllevique! have failed to detect any signs of 
structure. Houllevique records that a film of silver about 10 wy thick 
when examined with a magnification of about 1,300 diam. appeared con- 
tinuous but granular. It occurred to the writer to try a “‘dark field ”’ 
microscope. In this instrument, films of gold and silver, of such thick- 
nesses that they would be on the straight portions of the curve, show an 
unmistakable granular structure; for somewhat thicker films, the granu- 
lar structure has almost if not entirely disappeared. On the other hand, 
no detail of any kind could be observed in platinum films; but as was 
indicated above, the size of the platinum grains is probably considerably 
smaller than those of gold and silver, and they were quite likely without 
the range of the microscope. 

This instrument had a magnification of about 500 diam., a power too 
low to make it feasible in any but a few cases to estimate the average 
distance between particles. One of these was that of a gold film which 
probably consisted of almost enough metal to enable it to conduct. The 
average distance between particles seemed about 500 wy. Of course this 
gives no indication of the actual size of the particles. 

The question naturally arises as to how these particles are formed. It 
certainly is not easy to conceive of them as being detached as units from 
the cathode by the positive ion bombardment. It seems much more 
reasonable to think of the cathode as losing particles of practically atomic 
size, these uniting later to form.the larger agregates.’ 

This view receives striking support through a comparison of the writer’s 
data with those recently published by Weber and Oosterhuis concerning 
films produced by evaporation. . Such films, it is known, are built up by 
the condensation of atoms. These investigators find that a platinum film 
in order to just conduct must be about 1.5 yu thick, and a silver film must 


1L. Houllevique, Cr., 148, 1320, 1909. 
2? Cf. Longden and Houllevique, I. c. 
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be about 6 wy» thick. The almost exact agreement of these values with 
those obtained by the writer can scarcely be considered accidental, but 
would seem rather to be due to the films having been made by essentially 
the same process. 

Nor does the similarity between the two sets of dataend here. Fig. 6 






































shows the result of plotting the values of Weber and Oosterhuis in ac- 
cordance with the equation 


log c = (p + 1) log ¢ + const. 


The agreement in the cases of platinum and silver is very nearly as good 
as that given by the writer’s data, while the case of tungsten is indefinite. 
These facts therefore make it seem likely that in sputtering, the metal 
leaves the cathode in about the same condition as if it were evaporated 
at high temperature, so far as the writer is aware, there are no facts to 
which such a view runs counter. 

Now since metallic atoms and small clusters of atoms display a marked 
tendency, even at ordinary temperatures, to merge together when brought 
sufficiently close, the particles found in sputtered films are readily ac- 
counted for. But the process of condensation may occur at different 
stages; entirely during the passage of the dark space, or entirely upon 
reaching the glass, or partly in each place. The stage at which it occurs 
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for any particular film doubtless depends upon the conditions of vacuum 
and discharge as well as upon the metal used as cathode. And it seems 
likely that the manner of growth of the conductivity of any particular 
film would in part be determined by the condition of the metal at the 
instant of deposition,—whether it is in fully formed aggregates, or in 
atoms or small clusters which are to unite with one another to a greater 
or less extent after striking the glass. In this way a possible explanation 
is formed of why the values of p and At/to differ so materially for the 
platinum films of Figs. 1 and 2. 

A satisfactory theory of film structure must account for the optical as 
well as the electrical peculiarities. W. Planck and B. Pogany (loc. cit.) 
have recently measured the indices of refraction and coefficients of 
absorption of sputtered platinum and copper films. They find certain 
variations which they propose to account for by an assumed shortening 
of the electronic mean free path. But it should be pointed out that their 
values are quite similar to those Garrett! has shown would be expected 
on the basis of a granular structure, and are therefore in accord with the 
theory here presented. 

The question of a negative temperature coefficient has not yet been 
investigated, but the writer considers it likely that this phenomenon will 
find an adequate explanation in terms, partly of a differential expansion 
between glass and film, and partly in terms of the remarkable tendency 
to unite which minute particles of metal show even at ordinary temper- 
atures. 

In conclusion the writer wishes to thank Professor F. K. Richtmyer for 
his help and constant interest. He also wishes to acknowledge assistance 
from the Rumford Fund for the purchase of apparatus. 


SUMMARY. 


I. Reasons are given for rejecting Thomson’s and Swann’s theories of 
the abnormally small specific conductivity of metal films. 

2. A relation connecting conductivity and thickness is deduced from 
the supposition of a more or less random arrangement of groups of atoms. 
This relation seems to fit observations upon films of platinum, gold and 
silver in a very satisfactory manner. 

3. It has been found that the thinnest films of gold and silver show a 
granular structure when examined with a “‘ dark field ” microscope, and 
that thicker films of these metals appear quite uniform. No structure 
has been observed in platinum films, but this is probably due to the 
limitations of the microscope. 


1J.C. M. Garrett, Phil. Trans., A, Vol. 202. 
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4. It has been found that in order to just conduct, platinum films must 
be between 1.5 wu and 3 wy thick, gold and silver films between 6 uy and 
8 wy thick. As it seems doubtful if particles of the sizes necessitated by 
these thicknesses can be detached from the cathode by the bombardment, 
their formation is probably due to the condensation of atoms of the metals. 





This supposition is further supported by the similarity between the 
writer’s results and those of Weber and Oosterhuis obtained on films 
produced by cendensation. 

5. It is pointed out that the recorded variations of m and k with thick- 
ness appear to present no obstacles to the acceptance of the present ° 
theory. 


CORNELL UNIVERSITY, 
June I, 1917. 





























THE MERCURY-ARC PUMP. 


THE MERCURY-ARC PUMP; THE DEPENDENCE OF ITS RATE 
OF EXHAUSTION ON CURRENT. 


By L. T. JONES AND H. O. RUSSELL. 


INCE the diffusion pump of Gaede! was described a number of in- 
vestigators have produced modifications all operating on the same 
principle, the latest that of Knipp.2. The pump here described differs 
only in the manner of driving and in introducing and taking off the mer- 
cury. This permits using the pump as a mercury still at the same time 
that it is being used for exhaustion purposes. 
Fig. I is a reproduction of the pump in its most desirable form. Two 
barometer columns introduce the mercury to the arc, the arc being 
started by blowing in the one neck of the Woulff bottle as shown at B. 














a S 


Fig. 1. Fig. 2. 


The mercury vapor is driven through the nozzle, N, and condenses in the 
chamber surrounded by the water jacket, J. The condensed clean mer- 
cury is then drawn off at O. The water jacket is conveniently made of 
metal and the ends made watertight by rubber stoppers. Danger of 
breakage, when made of ordinary glass, was encountered only at the 
higher current values, 15-30 amps., which heat the arc quite above the 
temperature necessary for highest efficiency. With the pump constructed 
of Pyrex glass no difficulty is experienced due to breakage. 


1 Ann. d. Phys., 46, p. 357, 1915. 
2 Puys. REv., N.S., [X., p. 311, 1917. 
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The supporting punp was a Gaede rotary mercury pump connected to 
P. The vessel to be exhausted was connected through a liquid mercury 
stopcock to the intake, J. Fig. 2 shows the relation between the driving 
current and the rate of flow of the mercury vapor through the nozzle. 
Each point represents a value deduced from a one-hour run at that 
current value. The curve is evidently a straight line for values above 
3amps. The dotted line gives the 
most probable form of the curve 
for lower values. 

The pump was connected 
through about 200 cm. of 2 cm. 
tubing (liquid mercury valve but 
no vapor trap) to a 6.5 liter vessel. 
The pressures were measured by 
719. 3. means of a 500 c.c. McLeod gage 
- 1.5 111 opening and the rate of exhaustion was de- 
- 4.017 Opemng termined by pumping always be- 
tween pressures for which the Mc- 
Leod gage is reliable. The annular 
10 space about the nozzle, N (Fig. 1,) 

Fig. 3. was first made of 1.5 mm. width. 

The one curve of Fig. 3 shows the 

rate of exhaustion for this annular opening as calculated by Gaede’s 
formula! 








S = ~ tog. ~e 
where #; and #» are the pressures before and after exhausting the volume 
V for t seconds. The speed, S, is in c.c. per sec. 

To determine the reason for the maximum rate of exhaustion the water 
jacket was removed and the annular opening blown out to 4 mm. width. 
Fig. 3 shows that the rate of exhaustion was not markedly altered. The 
limiting rate of 400 c.c. per sec. is due to the quite long length of 2 cm. 
intake tubing. If this tube were short enough and large enough the curve 
would most likely be a straight line after passing the 3.5 amp. value until 
the limiting value due to the size of the annular opening is reached. This 
suggested that if the pump be allowed to operate without reducing the 
pressure, as in pumping against a leak, a definite number of mercury 
molecules are required to remove a single air molecule. 

Fig. 4 shows the relation between the number of mercury molecules 
per air molecule and the pressure (average of p; and p2) in cm. The 


1 Loc. cit. 
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curve is plotted for the current value 6.15 amps. Curves were plotted 
for other current values and found to be not essentially different. Table 
I. gives the data from which the curve is plotted. 

The curve is not unexpectedly asymptotic to the vertical axis since 


MEPCUIY mols. per air mol. 


10x10 15x10 
Pressure in cm. 


Fig. 4. 





mercury vapor flows through whether air remains to be exhausted or not. 
The fact that at the higher pressures only 1,000 mercury molecules are 














TABLE I. 
ae, fp, Cm. nee. | oan a emer per 
Sec. | Cc. per Sec. Air Molecule. 

| 
20.7 .00166 00064 | 300 2.5010" 1,220 
21.2 00064 § 00017 | 413 115 “ 2,650 
21.0 00017 = .00005 | 357 28 * 11,100 
20.0 .00178 .00069 | 306 2.80 “ 1,090 
20.4 .00069 | .00018 | 443 1.29 “ 2,360 
20.4 00018 | .00006 | 380 | ; 9,700 
20.2 00152. | .00047 | 376 2.67 “ 1,140 
20.3 00047 | = .00013 | 370 mm * 3,540 
20.0 .00163 00052 | 370 2.85 “ 1,070 

| 


19.8 / .00052 00014 425 98 * 3,130 





required to direct the motion of an air molecule is particularly interesting. 
It remains to be seen whether this unexpectedly small indicated value 
holds for pressures as high as atmospheric. The straightness of the path 
of an alpha particle passing through saturated air at atmospheric pressure, 
as is so nicely shown by C. T. R. Wilson’s! well-known photographs, is 
interpreted as intermolecular penetration. The relative velocity of the 
1 Phil. Trans. Roy. Soc., A, 189, p. 265; 192, p. 403; 193, Pp. 289. 
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mercury and air molecules is quite small compared with that of an alpha 
particle and the time they are within a given distance of each other is 
correspondingly long. Whether this fact is sufficient to account for the 
small number of mercury molecules required to direct an air molecule or 
whether there is an essential difference between the mercury and helium 
atoms cannot at present be told. The authors had hoped to continue 
the work by several obvious experiments but other duties will surely 


prevent it. 
PHYSICAL LABORATORY, 
UNIVERSITY OF CALIFORNIA, 
May I, I917. 





